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PEEFACE 


When a solution is impracticable, an engineer must be prepared to 
devise a satisfactory approxiitia tion. This approach, so inherent to the 
practice of engineering, was formalized in the Hardy Cross procedure of 
moment distribution. Engineers sensed that Cross was only organiz- 
ing in a formal way the procedures of approximation that they had 
intuitively been using when rigorous mathematical analysis proved 
impractical. Hence, although methods of successive corrections had 
been used in mathematical analysis long before Hardy Cross — at 
least one method was used by Newton — it is clearly true that Cross 
provided the stimulus that gave rise to a tidal wave of interest in 
numerical procedures during the past twenty years. 

The development that followed the announcement of moment dis- 
tribution has taken a forked path. Those interested in mathematical 
applications have shown that the Cross procedure can be set up as the 
solution by iteration of a set of simultaneous equations and proved 
inn I licrna i ically i' o converge. But Cross did not develop the method in a 
mathematical way, did not present it as such, and practicing engineers 
have found its physical emphasis to be one of its most significant 
contributions to design. Through twenty years of development of the 
tools of numerical analysis this fork in the path has failed to converge, 
but instead, mathematical and physical lines of progression have con- 
tinued almost independently. 

In its early development numerical analysis was applied mainly 
to problems where the geometry consisted merely of intersecting lines. 
Then Southwell in England and others in America became interested in 
numerical solutions for two-dimensional plate problems. These prob- 
l«ns include stresses in walls and plates, heat flow or electrical flow in 
plates, and heat flow, fluid flow, or electrical discharge through a gas 
where the medium is confined between parallel walls so that the 
phenomena is largely two-dimensional. Whether all of these problems 
have been solved by numerical methods as yet, I do not know, but they 
bear a sinularity indicating that they could be solved by related 
numerical procedures. 
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To solve the continuotis two-dimensional problem required an 
analogy. The two-dimensional space had to be represented by a 
lattice with intersecting hues forming nodes. Then the problem 
returned to the Imeal geometry that had already succumbed to 
numerical procedures. The primary dilTiculix' encountered was the 
tedious repetition of relaxing joints or permitting heat flow past nodes 
or otherwise successively approaching a state of equilibrium. Since 
ten subdivisions in each direction of a plane area result in one himdred 
joints or nodes, the accounting problem can clearly become serious. 
Hence, throughout the literature one finds attempts to reduce the labor 
of the analysis. Several of the methods presented in the following 
chapters are further contributions toward simplification. And in 
these chapters as in the literature there will be found a division of 
emphasis between the objective of obtaining an approximation of the 
function that will solve a differential equation, which is the mathemati- 
cal approach, or the objective of obtaining at once through physical 
convergence the value of the stress, deflection, temperature, or potential 
desired. 

Numerical procedures have a theoretical application to three- 
dimensional problems as well. But since the lineal division of one 
dimension mto ten parts results in one thousand internal nodes in a 
cube that has ten subdivisions on each side, the practicality of nu- 
merical solutions of space problems seems relegated to the futme. Such 
a solution would seem to depend upon joining the simple approach of 
relaxation and distribution with the mathematical machine operations 
that have recently become available. It is conceivable that electronic 
machines may be devised that will perform thousands of distribu- 
tions in a few minutes and thus adequately solve three-dimensional 
problems of elasticity and flow. 

It is fortunate indeed that it is possible to honor Hardy Cross for 
his unique contribution to the development of numerical methods of 
analysis without in any way failing to recognise the great contribu- 
tions of those who preceded and of those who have followed Cross. 
Most of the large numbers of references included in this book are a 
process of extending credit to the many contributors to this field. 
Cross’ contribution when first made, being essentially nonmathematical 
and emphaazing tangible or physical qualities such as one finds in the 
term 'slope’ as contrasted to the nonphysical or intangible feeling 
associated with a partial derivative of a higher order, was of a unique 
kind. It therefore seenos appropriate at this time to acknowledge the 
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twenty-fifth anniversary of the birth of the idea of moment distribu- 
tion. 

The chapters of this book were not prepared by their authors simply 
to present the results of their researches but to teach methods and 
effective techniques of numerical analysis. The chapter order, from 
the study of specific methods to general comparisons of interrelated 
methods, was chosen for the same reason. The methods and pro- 
cedures discussed are applicable in many fields of engineering and 
science. One who attacks the problem seriously will find it possible to 
use the methods discussed here in fields where numerical analysis haa 
received less attention than in Mechanics. 

It is a pleasure to acknowledge the aid of my associates who consti- 
tuted an informal committee for the symposium: W. A. Casler, Lloyd 
Donnell, E. I. Fiesenheiser, Max Frocht, J. E. Goldberg, Le Van 
Griffis, H. Y. Hawkins, H. T. Heald, T. J. Hi^ins, R. L. Janes, Max 
Jakob, E. F. Masur, S. F. Musselman, Eli Sternberg, R. L. Stevens. 

L. E. Grinter 

Chicago, niinois 
January, 1949 
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Chapter 1. Hardy Cross' pul)lishod his article entitled “Analysis of 
Continuous Frames by Distributing Fixed End Moments” in Trans- 
actions, ASCE, 1932. It is reprinted here because it is clear that the 
influence of this short publication produced the impetus that thrust 
numerical procedures into the consciousness of engineers and led to 
their -widespread development and to their use in engineering practice. 
In Transactions ASCE, Vol. 96, 1932, it -will be found that this paper 
of 10 pages is followed by 146 pages of discussion by 38 authors. 
Its effect ujMjn engineering thought in structural mechanics was in- 
stantaneous. When he prepared this paper Hardy Cross was Professor 
of Structural Engineering at the University of Illinois. He is now 
Chairman of the Department of Civil Engineering at Yale University. 

Chapter 2. Linton E. Griater is Research Professor of Ci-vil Engi- 
neering and Mechanics at Illinois Institute of Technology. Having 
worked -with Professor Cross on the early applications of moment 
distribution. Dr. Grinter since the early 1930 's has published books 
and articles emphasizing the physical characteristics, as contrasted to 
mathematical iteration, of his and Cross’ procedures of relaxation and 
distribution. During this period work has also gone forward on the 
application of the author’s concepts to problems in elasticity, although 
this is a first publication of his method for the analysis of the plane 
state of stress by grid analogy. In general, this chapter advances the 
author’s belief that the best tool of successive corrections is the one 
that departs least from a study of the physical deformations of the 
body acting under the loads. As an appendix a problem on the nur 
mmcal analysis of a notched beam, solved by Andrew J. Pyka, is 
included. , , 

Chapter S. F. S. Shaw is Senior Research Ofi&cer, Council for 
Scimtific and Industrial Research, Di-vdsion of Aeronautics, Melboumo, 
Australia. After a period of association -with R. V. South^v^dl ia 
England, he to the Graduate Division of Applied Mathematics of 
Brown University. In this paper the authcar deals \rith problems 
that may be e:^ressed by two-dimensional, linear partial d^ensniial 

AnTifl-HrvnQ nf iiliA KminHflnr-vnlnA tvTWft. TTp. PTnlftiTis hnw thpsip pnnfly- 
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tions may be replaced, in effect, by a large number of algebraic simul- 
taneous equations which are then solved numerically by the Southwell 
procedure of relaxation. Such devices as block operators and curved 
boundary operators are treated. It is shown that the methods dis- 
cussed are of general aj)plica(i()n. 

Chapter 4- R* V. Southwell is Rector of the Imperial College, 
London, England. Dr. Southwell’s research for more than a decade 
has been directed to the dc\olopmoiii of his well-known {)ro(*(?diir(s of 
relaxation. This work has resulted in two books presentiug applica- 
tions of relaxation procedures to problems in engineering and in 
theoretical physics. This chapter iiucflifijilcri possible approaches to 
higher accmacy in numerical analyses. The author contrasts his 
preferred approach through the use of a finer net with the mathema^ 
tician’s preference for an improved approximation in the ejqpression of 
the finite differences without reduction of the spacing between lines of 
the net. This results in an interesting set of comparisons. 

Chapter 6. M. M. Frocht is Research Professor of Mechanics at 
Illinois Institute of Technology. His research work in photoelasticity 
and his extensive publications in that field have made him widely 
known. Since 1940 he has interested himself in the method described 
in this chapter which deals with a useful simplification in the numerical 
solution of Laplace’s equation by iteration. Specifically, a simple pro- 
cedure, called the Linear Rosette method, is proposed for rapid determi- 
nation of initial values. The rosette may be viewed as an intersecting 
set of taut strings whose slopes are found from known boundary values 
of the harmonic function. The effect is to reduce markedly the mnn- 
ber of iterations necessary to obtain approximate convergence. 

Chapter 6. L. M. K. Boelter is Dean of the College of Engineering 
of the University of California at Los Angeles. He has been active for 
many years in advancing research in heat transfer both by experiment 
and by analysis. The co-author, Myron Tribus, is Instructor in Engi- 
neering in the same institution. He began his association with heat 
transfer research through the Wright Field studies of the Air Corps. 
This chapter presents a numerical coimterpart of the Schmidt-Binder 
graphical method of finite differences. If it is desired to know the 
temperatures in a solid as a function of the ini tial and surface tempera- 
tures, the proposed short cut will be useful. However, it will be of 
greatest utility when it is desired to ascertain the effect of differing 
boimdary and initial temperatures upon the temperature at a particular 
interior position. 
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Chapter 7. G. M. Dusinberre is Professor in the Department of Me- 
chanical Engineering of Pennsylvania State College. His interest in 
numerical methods extends into several fields. Hia •writings have done 
much to clarify the use of numerical methods in heat transfer. This 
chapter treats one transient and one steady state problem in the heating 
of buildings. These problems, solved elsewhere in the literatme, are 
used to demonstrate practical numerical methods in thia field and to 
present comparisons as to the facility and accuracy ■with which calcu- 
lations can be made. In an appendix, the method discussed is applied 
by J. D. Bottorf and Y. S. Touloukian to a problem on temperature 
distribution through the ground. 

Chapter 8. Frank Baron is Professor of Ci'vil Engineering at North- 
western University. He has previously published a paper on the 
numerical solution of the torsion problem of multiconnected thin- 
walled cylinders. This chapter compares the approach to numerical 
solutions in such related fields as structures, ■vibrations, and elasticity. 
Analogies which result from requirements shnilar to those of statics 
and geometry in structural mechanics are discussed. Various numeri- 
cal procedures are classified according to the order observed in meet- 
ing the controlling requirements. Such procedures are also classified 
as to the sequence followed in the numerical steps of analysis. Advan- 
tages and disadvantages of these different approaches are compared. 

Chapter 9. N. M. Newmark is Research Professor of Ci^vil Engir 
neeiing at the University of Illinois. His research publications have 
covered both experimental investigations and theoretical analyses of 
such complex structures as remforced concrete bridge floors. In this 
chapter the author surveys many approach^ to numerical methods of 
analyzing stresses, strains, and displacements in structures imder 
static and dynamic loading. He compares iteration ■with step-by-step 
calculations, relaxation ■with continuity restoration, collocation with 
least squares, etc. Plane stress problems with their lattice analogies, 
computation of influence coeflSicients, finer nets, extrapolation, and the 
use of modified beam loads all receive attention. A balance is main- 
tained between physical and mathematical •viewpoints. 

Chapter 10. Thomas J. Higgins is Professor of Electrical Engi- 
neering at the University of Wisconsin. His published research has 
been divided between the fields of mechanics and electrical engineering 
He has published a number of bibliographies and has an extremelj 
■wide acquaintance ■with the literature of mechanics. This chaptra 
conchidfis with- a comnrehensive bibhoeranhv of 140 references. Th« 
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author compares the variational methods of Galerkin, Kantorovic, 
Rayleigh-Eitz, Trefftz, and others with the finite difference methods of 
Collatz, Cross, Liebmann, and Southwell. The basic differences in 
these procedures are illustrated by their applications to the classical 
problem of the torsion of a prism. The emphasis here is usually upon 
approximating the mathematical function that will solve the variational . 
problem or satisfy the partial differential equation of the boundary- 
value problem. 



CHAPTER 1 


ANALYSIS OF CONTINirOUS FRAMES 
BY DISTRIBUTING FIXED-END MOMENTS* 

Haudt Cross** 


Synopsis. The purpose of this paper is to explain briefly a method 
which has been found useful in analyzing frames which are statically 
indeterminate. The essential idea which the writer wishes to present 
involves no mathematical relations except the simplest arithmetic. 
It is true that in order to apply the method it is necessary to determine 
certain constants mathematically, but the means to be used in deter- 
mining these constants are not discussed in the paper, nor are they a 
part of the method. These constants have been derived by so many 
writers and in so many slightly different ways that there is little occa- 
sion to repreat here the whole procedure. 

The reactions in beams, bents, and arches which are immovably 
fixed at their ends have been extensively discussed. They can be 
found comparatively readily by methods which are more or less stand- 
ard. The method of analysis herein presented enables one to derive 
from these the moments, shears, and thrusts required in the design 
of complicated continuous frames. 

Definitions. For convenience of reference, definitions of -three terms 
will be introduced at once. These terms are “fixed-end moment,” 
“stiffness,” and “carry-over factor.” 

By “fixed-end moment” in a member is meant the moment which 
would exist at the ends of the member if it ends were fixed against 
rotation. 

“Stiffness,” as herein used, is the moment at one end of a member 
(which is on unyielding supports at both ends) necessary to produce 
unit rotation of that end when the other end is fixed. • ui > > 

If one end of a member which is on unyielding supports at both ends 
is rotated while the other end is held fixed, the ratio of the mom^.at 

* Pablidied in May, 1930, Proceedingt and Vd. 9^ 1032, Trantadions, ASCE. 

** Then Professor at Sixactutsd En^eering^ tJniverdty of Qinois; now CSuuniam of 
CSvil Engmeennis Yale UnimeKty. . 
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the fixed end to the moment producing rotation at the rotating end 
is herein called the “carry-over factor.” 

Effect of Joint Rotation. Imagine any joint in a structure, the 
members of which are being deformed by loads, or in some other way , 
to be first held against rotation and then released. Call the algebraic 
sum of the fixed-end moments at the joint the “unbalanced fixed-end 
moment.” Before the joint is released this imbalanced fixed-end 
moment will not usually be zeroj after the joint is released, the sum 
of the end moments at the joint must be zero. The total change in 
end moments, then, must equal the unbalanced fixed-end moment. 
This may be stated in another way by saying that the unbalanced 
fixed-end moment has been “distributed to” the connecting members 
in some ratio. 

When the joint is released aU connecting members rotate through 
the same angle, and this rotation at the end is accompanied by a change 
in end moment. The change in end moments is proportional to the 
“stiffness” of the members. 

Hence, it may be said that when the joint is released the unbalanced 
fixed-end moment is distributed among the coimectmg members in 
pro!)orli<'ii to their stiffness. 

The rotation of the joint to produce equilibrium induces moments 
at the other ends of the connecting members. These are equal in 
each member to the moments distributed at the rotating joint multi- 
plied by the carry-over factor at the rotating end of the member. 
This follows from the definition of “carry-over factor.” 

Moment Distribution. The method of moment distribution is this: 
(a) Tmaginp. all joints in the structure held so that they cannot rotate 
and compute the moments at the ends of the members for this con- 
dition; (6) at each joint distribute the unbalanced fixed-end moment 
among the connecting members in proportion to the constant for each 
member defined as “stiffness”; (c) multiply the moment distributed 
to each member at a joint by the carry-over factor at that end of the 
member nnH set this product at the other end of the member; (d) dis- 
tribute these moments just “carried over”; (e) repeat the process imtil 
the moments to be carried over are smal l enough to be neglected; and 
(/) add all moments — fixed-end moments, distributed moments, 
moments carried over — at each end of each member to obtain the 
true moment at the end. 

To the mathematically inclined the method will appear as one of 
solving a series of no rmal simultaneous equations by successive annrox- 
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imation. From an engineoring viewpoint it seems simpler and more 
useful to think of the solution as if it were a physical occurrence. The 
beams are loaded or otherwise distorted while the joints are held 
against rotation; one joint is then allowed to rotate with accompanying 
distribution of the unbalanced moment at that joint and the resultiug 
moments are carried over to the adjacent joints; then another joint is 
allowed to rotate while the others are held against rotation; and the 
process is repeated until all the joints are “eased down” into equi- 
librium. 

Beam Constants. This method of analysis is dependent on the solu- 
tion of three problems in the mechanics of materials. These are the 
determination of the fixed-end moments, of the stiffness at each end, 
and of the carry-over factor at each end for each member of the frame 
under consideration. The determination of these values is not a part 
of the method of moment distribution and is not discussed in this 
paper. 

The stiffness of a beam of constant section is proportional to the 
moment of inertia divided by the span length, and the carry-over 
factor is —i* 

The proof or derivation of these two statements and the derivation 
of formulas for fixed-end moments is left to the reader. They can be 
deduced by the use of the calculus; by the theorems of area-moments; 
from relations stated in Bulletin 108 of the Engineering Experiment 
Station of the University of Uliuois (the Slope-Deflection Bulletin)-, 
from the theorem of three moments; by what is known to some as the 
column analogy method; ** or by any of the other corollaries of geom- 
etry as applied to a bent member. Formulas for fixed-end moments 
in beams of uniform section may be found in any structural handbook. 

Rigng of the Bending Moments. It has seemed to the writer very 
important to maintain the usual and familiar conventions for signs of 
bending moments, since these are the conventions used in design. 

For girders the usual convention is used, positive moment being 
such as ■■iiag s the beam. For vertical members the same convention is 
applicable as for girders if the sheet is turned to read from the right 
as vertical members on a drawing are usually read. The usu^l oppf- 
ventions for bending moments are, then, applicable to both girders 

* The negative carry-over factor applies with a fiber-stress sign convention for bending 
moment. For a convention of signs dependent upon direction of t^ curved arrow rep- 
resenting an moment, the carry-over factor is positive. Distribution is of performed 
with the positive «i gn indicating clockwise action upon the adjacent joint. Bd, 

Hardy Cross, The idnaio^f^/University of Dlincns Eng. Ehqp. Sta. Bultelan 215. 
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and columns if they are looked at as a drawing is usually lettered and 
read. 

Moments at the top of a column, as the column stands in the struc- 
ture, should be written above the column and those at the bottom of 
the column, as the column stands in the structure, should be written 
below the column when the sheet is in position to read the colmnns. 
This is necessary because positive moment at the right end of a beam 
and at the top of a column both represent tendencies to rotate the con- 
nected joint m the counterclockwise direction. 

It makes no difference whether girder moments are written above 
or below the girder. Either arrangement may be convenient. Con- 
fusion will be avoided by writing column moments parallel to the 
column and girder moments parallel to the girders. 

When any joint is balanced the total moment to the right and to 
the left of the support is the same, both in absolute value and in sign. 
The unbalanced moment is* the algebraic difference of the moments 
on the two sides of the joint. 

Limitation, of Method. From the fact that the terms, “stiffness” 
and “carry-over factor,” have been defined for beams resting on un- 
yielding supports, it follows that direct application of the method is 
restricted to those cases where the joints do not move during the proc- 
ess of moment distribution. The method, however, can be applied 
in an indirect way to cases in which the joints are displaced during the 
moment distribution, as indicated later. 

As the method has been stated, it is restricted only by this condition 
that the joints are not displaced. If this condition is satisfied it makes 
no difference whether the members are of constant or of varying sec- 
tion, curved or straight, provided the constants (a) fixed-end moments 
at eadi end, (&) stiffness at each end, and (c) carry-over factor at each 
end, are known or can be determined. Such values can be derived 
by standard methods and may be tabulated for different types of 
miembers and conditions of loading. 

It will be found that in most cases accuracy is needed only in the 
fixed-end mcanents. It does not ordinarily make very much differ- 
ence hOw, within reason, the unbalanced moments are distributed, 
nor, within reason, how much of th.e distributed moments are carried 
over. 

In the “Illustration” which follows it has been assumed that the 
members are strai^t and of uniform section. The stiffnesses, then, 
are proportional to the moments of inertia, (D, divided bv the Iftngt.hB 
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(L), but the relative values given for 1/Lm this problem miglit quite 
as well be the relative stiffness of a series of beams of varying section. 
In this latter case, however, the carry-over factors for the beams would 
not be —5. 

Illustration. The illustration given (Fig. 1-1) is entirely academic. 
It is not intended to represent any particular type of structure nor 
any probable condition of loading. It has the advantage for the pur- 
pose of this paper that it involves ah the conditions that can occur in 
a frame which is made up of straight members and in which the joints 
are not displaced. 

The loads on the frame are supposed to be as indicated. The rela- 
tive values of I /L for the different members are indicated in circles. 

The fixed-end moments in aU members are first written. In this 
problem they are arbitrarily assumed to be as shown, as follows: at A, 
0; at B, in BA, 0, and in BC, —100; at C, in CB, —100, in CF, +80, 
in CD, —200, and in CG, —50; at F, +60; at G, —50; at D, in DC, 
—100, and in DE, 0; at E, in ED, 0, and in the cantilever, —10. 

Before proceeding to a solution of the problem, attention may be 
called to the arrangement of the computations. The moments in the 
^ders are written parallel to the girders; those in the columns, parallel 
to the columns. The original fixed-end moments are written next to 
the members in which they occur, the successive moments distributed 
or carried over being written above or below these, but farther from 
the member. 

The arrangement of the moments in the columns in positions above 
the columns, when the paper is turned into a position to write these 
moments, for the top of the columns (at B, F, and C), and in positions 
below the columns for the bottom of the columns (at A, C, and G), 
is an essential part of the sign convention adopted. 

The moment at (7 in the girder, BC, is written above the girder in 
order to get it out of the way. Otherwise, it makes no difference 
whether the moments are written above or below the girder. 

The sig ns of the fixed-end moments are determined by observing 
the direction of flexure at the ends of the members due to the loads. 
In order to apply to the columns the ordinary conventions for ^gns 
of bending moments it is necessary to turn the drawing of the structure. 

The re^er should realize that the solution is built up step by st^. 
It is always the last figures shovdng that are to be operated on — 
distributed or carried over — so that in ordinary framework there is 
little chance for conhiriion as to what step diould be taken neart. 
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Distribution. Distribute at each joint the unbalanced moment, as 
follows: 

(1) At A there is no moment (Fig. 1-1). 

(2) At jB there is an unbalanced moment of — 100 on one side of 
the joint. This moment is distributed to BA and to BC in the ratio, 

2 

2 : 4, so that the distributed moment to BA is ^r-r— r 100 = 33.33 and 


to BC, 100 = 66.67. 
’2 + 4 


The signs are written in the only way 


possible to balance the joint by giving the same total moment (—33.33) 
both to left and right of the joint. 

(3) At C, the unbalanced moments are, in CB, —100, and in CG, 
—50, giving a total of —150 on the left of the joint; in CF, +80, and 
in CD, —200, giving a total of —120 on the right of the joint. The 
total unbalanced moment at the joint, which is the difference between 
the total moment on the left and on the right of the joint, is 30. This is 
now distributed in the respective proportions, as follows: 


To CB, 


toCF, 
to CD, 
and, to CG, 


4 

4 + 2 + 5 + 1 
2 

4 + 2 + 5 + 1 

5 

4 + 2+5 + 1 
1 

4 + 2 + 5 + 1 


30 = 10 


30 = 5 
30 = 12.5, 


30 = 2.5 


There is only one way to place the signs of the distributed moments 
so that the total is the same on both sides of the joint. This is done 
by reducing the excess negative moment on the left and increasing the 
negative moment on the right. 

(4) At F, the unbalanced moment is +60. The hinge has no stiff- 
ness. The moment, then, is distributed between the member, FC, 
and the hinge in the ratio, 2 : 0; all of it goes to the member. The 
total balanced moment is +60 — 60 = 0, as it must be at a free end. 

(5) At G, the abutment is infinitely stiff and the unbalanced moment, 
—50, is distributed between the member, GC, and the abutment in 
the ratio, 1 : oo. ; The member gets none of it; the end stays fixed. 
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(6) At D, the unbalanced moment, -100, is distributed to DC and 
to DE in the ratio of 5 : 3. 

(7) At E, the imbalanced moment is — 10 in the cantilever. Since 
the cantilever has no stiffness, this unbalanced moment is distributed 
between the beam, ED, and the cantilever in the ratio 3 : 0. This 
mfians that all of it goes to ED. 

All joints have now been balanced. Next, carry over from each 
end of each member one-half the distributed moment just written, 
reverse the sign, and write it at the other end of the member. Thus, 
carry over, successively, in AB, 0 from A to 5 and +16.67 from B 
to A; in BC, —33.34 from R to C and —5.0 from C to B; in CF , +2.5 
from C ioF and +30 from F to C; in CG, 0 from Gio C and —1.25 
from (7 to (?; in CD, +6.25 from C to D and -31.25 from D to C; 
and in DE, +18.75 from D to B and +5.00 from E to D. 

Distribute the moments just carried over exactly as the original fixed- 
end moments were distributed. Thus, at A, +16.67 is distributed 0 
to AB (fixed-ended) ; at B, —5.0 is distributed as — 1.67 and +3.32; at 

C, the unbalanced moment is (—33.34 + 0) — (+30.00 — 31.25) = 
—32.09 which is distributed as +2.67, +10.68, —5.34, and —13.35; 
at F, +2.50 is distributed as —2.5 to the member; G is fixed-ended; at 

D, -t-1.25 is distributed as -0.78 and +0.47; at E, the unbalanced 
+18.75 is distributed to the member as —18.75. 

The moments distributed are now carried over as before and then 
re-distributed; and the process is repeated as often as desired. The 
procedure should be stopped after each distribjition, however, and a 
check made to see that statics (Silf = 0) is satisfied. 

When it is felt that the process has gone far enough, all moments at 
each end of each member are added to give the total moment at the 
joint. After the moments at the joints have been determined, all 
other quantities, such as moments and shears, may be obtained by 
applying the laws of statics. 

Convergence of Ressults. The distribution hereia has been carried 
out with more precisioii than is ordinarily necessary, in order to show 
the convergence of the results. To show the rate of convergence, the 
successive values of the moments at the joints after successive dis- 
tributions are given in Table 1-1. . . 

For most purposes the computations might as well have been 
stopped after the second distribution. Had this been done, the solu- 
tion would have appeared as shown in Fig. 1-2. 

For any practical purpose the computation mi^t in this case have 
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Table 1-1. Contobgencb op Results 


Successive 
values of 
bending 
moment 
at joint 

After one 
distribution 
(two rows 
of figures) 

After two 
distributions 
(four rows 
of figures) 

After three 
distributions 
(six rows 
of figures) 

1 After four 
distributions 
(eight rows 
of figures) 

After five 
distributions 
(ten rows 
of figures) 

After six 
distributions 
(twelve rows 
of figures) 

A 



0 

+ 16.67 

-1- 17.50 

+ 18.39 

+ 18.48 

+ 18.55 

B 



- 33.34 

- 35.01 

- 36.79 

- 36.97 

- 37.10 

- 37.13 


\ 

In CB 

- 90.00 

-112.66 

-113.22 

-114.24 

-114.23 

-114.26 

m 


“ CF 

-f 75.00 

+ 99.66 

+100.36 

+101.32 

+101.36 

+101.41 



“CD 

-212.50 

-257.10 

-258.09 

-259.89 

-259.88 

-259.93 



“CO 

- 47.50 

- 44.83 

- 44.55 

- 44.36 

- 44.31 

- 44.28 




- 37.50 

- 32.03 

- 23.66 

- 23.48 

- 23.15 

- 23.15 




- 10.00 

- 10.00 

- 10.00 

- 10.00 

- 10,00 

- 10,00 



mniii 

0 

0 

0 

0 

0 

0 



■HI 

- 50.00 

- 51.25 

- 52.59 

- 52.73 

- 52.83 

- 52.86 


been stopped after the third distribution. In general, two or three 
distributions are sufficient. This is not true in all instances, but in 
any case the exactness of the solution at any stage will be indicated 
by the magnitude of the moments carried over in the members. 



Variations of the Method. The writer has developed and used at 
ifferent times several variations of the method shown, but the original 
lethod is itself so simple and so easy to remember that he finch hunself 
idined to discard the variants. . , . 
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One variant is perhaps worth recording. It is rather tedious to 
carry moments out to the end of a member which is free to rotate 
and then balance the moment and carry it back again. This may be 
avoided by releasing the free end once for ail and leaving it free. In 
this case, for beams of constant section, the stiffness of the beam is to 
be taken three-fourths as great * as the relative J/L-value would indi- 
cate. After the end of the beam is once released, no moments are 
carried over to it. 


COBRECTING FOR SiDE-SWAT 

Single square or trapezoidal frames, portals, L-frames, box culverts, 
and similar structures act as simple continuous beams if there is no 
transverse deflection. If they are symmetrical as to form and loading, 
they will not deflect sidewise and if they are restrained against side- 
wise movement, they cannot so deflect. 

Side-sway of frames due to dissymmetry of the frame is rarely an 
important factor in design. Correction for side-sway may be made 
by a method which may be applied also in cases of transverse loading 
on bents. The method is to consider that the bent does not sway 
sidewise and analyze it as a series of continuous beams. The total 
shear in the legs will not now, except by accident, equal the shear 
which is known to exist. The difference must be a force which pre- 
vents side-sway. 

Now, assume all joints held against rotation, but the top of the bent 
moved sidewise. Assume any series of fixed-end moments in the legs 
such that aU legs have the same deflection. In this case for members 
of uniform section fixed-end moments in columns vary as Ijl?. Dis- 
tribute these fixed-end moments and find the total shear in the legs. 
The changes in moments due to side-sway will then be to the moments 
just computed in the same alg('l)r!n<‘ ratio as the total unbalanced 
horizontal shear in the legs due to side-sway when the frame is analyzed 
as a continuous girder is to the shear just computed. 

Multi-Storied Bents. Bents of more than one story, subject to side- 
sway, either as a result of unbalanced loading or due to horizontal 
forces, may be solved by this method. It is understood that exact 
solution of such problems is not commonly of great interest. It is the 
approximate effect that is desired rather than exact anal3rsis. 

To analyze by this method a two-story bent it will be necessary to 

* Tile moment needed to produce a given rotation at one end of a beam when the other 
end is free is three-fourths as great as if the other end is fi— ^ 
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make two configuralions — one for each story. From the assumed 
shear in each story (producing, of course, shears in the other stories), 
a set of moment values may be obtained. These may be combined 
to obtain the true shears, and from the true shears the true moments 
follow. 

General Application of the Method. The method herein indicated 
of distributing unbalanced moments may be extended to include 
unbalanced joint forces. As thus extended it has very wide applies^ 
tion. Horizontal or vertical reactions may be distributed and carried 
over and thus a quick estimate made of the effect of many complicat- 
ing elements in design. The writer has used it in studying such 
problems as continuous arch series, the effect of the deflection of sup- 
porting girders, and other phenomena. 

An obvious application of moment distribution ocemrs in the com- 
putation of secondary stresses in trusses. Many other appheations will 
doubtless suggest themselves, but it has been thought best to restrict 
this paper chiefly to continuous frames in which the joints do not move. 

Conclusion. The paper has been confined to a method of anal;^is, 
because it has seemed wiser to so restrict it. It is not then an over- 
si^t that it does not deal with: (1) Methods of (“onsirucilng curves 
of maximum moments; (2) methods of conslrucling curves of maxi- 
mum shears; (3) the importance of analyses for continuity in the 
design of concrete girders; (4) flexural stresses in concrete columns; 
(5) methods of constructing influence lines; (6) the degree to which 
continuity exists in ordinary steel frames; (7) continuity in welded 
steel frames; (8) plastic deformation beyond the yield point as an ele- 
ment in interpreting secondary stress computations; (9) the effect of 
timft yield on moments and ^ears in continuous concrete frames; 
(10) plastic flow of concrete as a factor in the design of continuous 
concrete frames; (11) whether in concrete frames it is better to guess 
at the moments, to take results from studies made by Winkler fifty 
years ago, or to compute them; (12) the effect of torsion of connecting 
members; (13) the relative economy of continuous structmes; (14) the 
relative flexibility of continuous structures; (15) the application of 
methods of continuous frame analysis to the design of flat slabs; 
(16) probability of loading and reversal of stress as factors in the de- 
sign of continuous frames; (17) the relation of precision in the deter- 
mination of shears and moments to precision in the determination of 
fiber stresses; and a dozen other considerations bearing on the design 
of p.nntiononfi frames. 
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A method of analysis has value if it is ultimately useful to the de- 
signer; not otherwise. There are apparently three schools of thought 
as to the value of analyses of continuous frames. Some say, “Since 
these problems cannot be solved with exactness because of physical 
uncertainties, why try to solve them at all?” Others say, “The 
values of the moments and shears cannot be found exactly; do not try 
to find them exactly; use a method of analysis which will combine 
reasonable precision with speed.” Still others say, “It is best to be 
absolutely exact in the analysis and to introduce all elements of judg- 
ment after making the analysis.” 

The writer belongs to the second school; he respects but finds diffi- 
culty in understanding the viewpoint of the other two. Those who 
agree with his viewpoint will find the method herein explained a useful 
guide to judgment in design. 

Members of the last named school of thought should note that the 
method here presented is exact if absolute exactness is 

desired. It is a method of successive a pf)i-< )xiruM i Ion.- : not an approxi- 
mate method. 
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CHAPTER 2 


STATISTICAL STATE OF STRESS STUDIED 
BY GRID ANALYSIS 

L. E. Geesteer* 


Synopsis. By proportioning an analogous grid to reproduce the 
physical defomoation of a solid plate or wail it is possible in a con- 
venient way to attack plane stress problems not readily solved by 
noathematical methods. To accelerate the coiwc'rgi-tice of the final 
numerical series, a procedure of estimating, adjustii^, and verif 3 dng 
the -main direct stresses and joint movements is foimd effective. This 
procedure is termed strain jv^tificaiion since the word justify includes 
in its Tiafta.ning both “to adjust” and “to verify.” The final steps 
include joint force relaxation to provide for ultimate joint transla- 
tions; but moment distribution, because of its simplicity and conven- 
ience, is made the main tool of numerical analysis. Emphasis is placed 
upon the nature of the statistical state of stress obtained and its 
relationship to experimentally determined stresses and to P/A. 

The Statistical Viewpoint of Elasticily. The mathematical theory 
of elasticity is based upon the three assumptions of continuity, homo- 
geneity, and isotropy. These hypotheses are never fulfilled exactly 
by any structural material. For idealized conditions, as checked by 
photoelasticity, the stresses predicted by the mathematical theory of 
elasticity seem to be closely approached. For common structural 
materials, including steel, the stress variation across a section AX where 
uniform stress is predicted by mathematical theory must be more 
nearly as illustrated by Fig. 2-1. However, strain measurements and 
interference fringe measurements, being controlled by the summation 
of stresses across many crystals or fibers, fail to demonstrate the stress 
distribution of Fig. 2-1. 

This irregularity of stress distribution for the woods, concretes, 
metals ftTid commercial plastics is no doubt due to their lack of homo- 

* Reseaireh PrtrfesBwr of Enpneering and Mechanics, lUnuus Instatate of Tsch- 
ncdogy, Chicago, IHin n iB . 
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geneity and isotropy and to inherent internal discontinuities. If steel 
is taken as typical of the best structural materials, we still observe 
that a naicrophotograph shows irregularity of crystalline structure, 
directional alignment due to rolling, color variation representing change 

from grain to matrix with undoubted 
I variation of modulus of elasticity, and 

, 1 I I many small discontinuities. When the 

1 h I I n 1 i! 11 11 subcrystaJline structure is considered, 

y]i. P discontinuities are spread 

^ illil 1/ ' 1 material, but these seem less signifi- 

« f • ' P p The irregularity of stress distribution 

= ^ pictured by Fig. 2-1 leads us to the 

realization that elastic deformation and 
- AX width - ultimately plastic failure are matters 

_ „ , „ „ controlled by the theory of probability 

* OF P/A^^. rather than the ideal mathematical rela- 

tionships dependent upon homogeneity, 
isotropy, and continuity. As load increases, internal adjustments of 
a nonelastic natmre occur, and these no doubt begin at loads well 
within the common range of working conditions in a structural mem- 
ber. Initial or fabrication stresses add to the redistribution problem 
and enhance the importance of a statistical interpretation of com- 
puted stresses. Such calculated stresses should, therefore, be taken at 
their true value which is that of relative numbers representing proba- 
bility of the extent of the ly-rii.-ilni'iu quasi-elastic range before severe 
permanent deformation can be expected. This is a far more realistic 
picture of their value in design than the highly idealized concept of 
maximum stress at a point. 

Type of Loading. The viewpoint e^lained above is presented for 
static loading. No change in viewpoint seems needed wherever frac- 


ture is preceded by measurable ductile deformation. Even cleavage 
fracture is now accepted to involve observable ductility. Impact 
fracture may also be ductile. Fatigue fractures should be studied 
from this point of view for those materials, such as concrete and zinc, 
which show no measurable reduction of fatigue strength due to stress 
raisers. K a stress raiser exists which is known to reduce the fatigue 
strength of the material to be used and if the controlling feature of 
the design is fatigue resistance, the statistical concept should be 
adjusted to noake due allowance for that fact. 
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Statistical Interpretation of Grid Forces. Consider a stiff grid of 
vertical and horizontal members r^dly connected together as a sub- 
stitute structure for a plate or wall in the vertical plane as shown by 
Fig. 2-2. Neglecting, for the moment, consideration of the effect of 
Poisson’s ratio and the influence of the 
cross sections of horizontal and vertical 
members, it is still clear that the com- 
bined forces in a grid member or in the 
foxir grid members meeting at a joint can 
never exactly represent or give rise to 
the maximum stress computed by the 
mathematical theory of elasticity at the 
corresponding point in the plate. This 
lack of correspondence is due to the physi- 
cal differences in the two structures: 

(1) The grid has directional properties, it 
is not isotropic. It may prove to be more or less nonisotropic than a 
particular structural material- (2) The grid is certainly not contin- 
uous although it provides a geometrical continuity pattern that may 
be compared with the probable internal continuity patterns of struc- 
tural materials. 

We conclude then that the physical make-up of the grid gives it a 
different relationship to the structural plate than that borne by the 
idealized homogeneous, isotropic, continuous material. In reality, 
internal grid forces represent statistical or average stresses over lengths 
controlled by the bar spacing of the grid. It is the author’s belief that 
in many cases such statistical stresses when obtained from a grid of 
proper unit dimensions or bar spacing will give more useful relative 
niunbers for picturing the remaining quasi-elastic range before struc- 
tural damage results than will the point stresses determined by the 
mathematical theory of elasticity. The lattice or unit dimension of 
the grid for this purpose needs study since there shnM clearly he a 
finer subdivision of the grid where the stress gradierU steepms. This ap- 
proach to analysis and design might properly be termed the accepts^ 
of a Statistical Theory of Elasticity. Althou^ it is particularly com- 
patible with grid analysis, the statistical state of stress is an inde- 
pendent concept useful in interpreting any calculated stress or meas- 
ured strain. Note again that measured strains and interference fringef 
give us only the P/A stress in Fig. 2-1. Yet at a macroscopic hole the 
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Stresses and Deformations op the Grid 

Analysis of a Structural Grid. The analysis of the internal forces 
and moments in a planar structural gridwork follows from the pro- 
cedures that the author developed for the computation of stresses in 
the frames of tall office buildings.* The only expected variation is that 
dired stress deformations, which usually have negligible influence upon 
the moments in a building frame, may be expected to be one of the 
major factors in the deformations of the grid. 

All of the tools of relaxation and distribution that apply effectively 
to structural frameworks may be of use here. In particular, it is clear 
that whenever the coordinates of the deformed positions of the joints can 
be guessed at, approximated, or in any way crudely calculated, the 
grid may be forced into this deformed position with joints fixed against 
rotation. Then a simple relaxation of joint moment constraints will 
produce a stress analysis of the same degree of accuracy as the ini tifl.1 
estimate of the deformed coordinates. Such an analysis can, of course, 
be improved by successive corrections to produce any desired accuracy. 
This procedure has long been accepted as a standard method of com- 
puting wind stresses in tall buildings. 

Since the procedure of grid analysis is largely solved, we will proceed 
to study the problem of i)roj>oiiioning a gridwork to replace the over- 
all elastic properties of a plate. We may feel confident that the re- 
sulting grid can be analyzed without undue difficulty. After some 
experience we should find ways of reducing the work of grid analysis 
just as the simplified method ** was developed to remove a major part 
of the labor from the wind-stress analysis of tall buildings, A con- 
tribution to such simplification will be found in the author's procedure 
of “strain justification” for obtaining compatibility between the direct 
stresses and shears and the corresponding strains in two directions. 

Reproducing Plate Deformations in the Grid. There are three .dis- 
tinct deformation phenomena of a wall or plate that must be repro- 
duced by the gridwork: 

(1) Direct deformation must occur as controlled by E. 

(2) Lateral deformation must foUow as defined by Poisson’s ratio, fi. 

(3) Shearing deformation (internal rotation) controlled by G must be 

simulated. ' 

* L. E. Giinter, “'Wind stress analysis simplified,” Trans. ASCE, 99 (1934), pp. 610-634. 
Alro, Theory of Modem Sted Structures (Macmillan^ 2d e<L, 1949)i VoL 2, pp. 135-148, 

**nnd. 
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We will produce aiTuilfl.r structural action in the grid in the following 
manner: 


( 1 ) 

( 2 ) 

(3) 

(4) 


Columns and beams will shorten and lengthen under their direct 
stresses. 

When a cohimn shortens adjacent beams will be lengthened by fi 
times the column shortening and vice versa. 

Joints win be permitted to rotate and members wiU bend. 

E 

If it is found that the iofluenee of u and of (? = ktt —, — c caii be 

2(1 + pi) 

represented accurately by steps (2) and (3), shearing deformation 
of the members of the gridwork wiU be omitted from consideration. 


Since the gridwork is a hypothetical structme even though treated 
in a physical way, we are free to postulate its properties to suit our 
convenience. The relative deflection of the ends of a beam due to 
shear can be made up by an equal amount of bending deflection (with 
slight change in the depth of the member). Hence, it will be feasible 
to work entirely with bending and direct-stress deformations. 


Peopobtions op the Ghidwoek 

Direct-Stress Deformations. The deformation of the plate under a 
uniaxial stress P/A is PL/AE over the length L. See Fig. 2-3. Since 



Fig. 2 ~ 3 . DibbctivStbbss Defobma-Tion of a Grid. 


the area of the plate for a width L is Lt, t^ area must be replaced by 
each vertical member of the grid when the bar spacing of the grid is L. 

A =Lt = bd (2^i) 

where h and d are cross^ectional dimensions of a arid member. 
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For members of this area the longitudinal deformation of the grid under 
uniaxial stress corresponds exactly with the longiiudiiiiil deformation 
of the plate. 

In equation (2-1), d is the depth of a bar in the plane of the plate 
and b is its dimension perpendicular to the plate so the Ibu = 
for flexure in the plane of the plate. 




Fig. 2 - 4 . Fubsi SHBAsma Dbfobmatioit of a Gbid. 


Reproducing the Shearing Deformation of the Plate. Consider the 
influence of a uniform shearing stress, P/A, across the top of the plate 
or of the grid shown in Fig. 2-4. - For the elastic plate 


^ _ fj _ -P /-^ 
d e 


(2-2) 


2(1 + Ai) 9 


Also 


(2-3) 
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Hence 

And from Pig. 2-4 (b) 


^pute 

^gild 


2P(1 + m) 
AE 

ER 

6EI 


By equating the d values of the plate and the grid we obtain 


2P(1 + m) _ PL^ 
AE 6EI 


(2-4) 

(2-5) 


(2-6) 


Substituting A = Lt = bd and I = -^ bd?, and canceling terms, we 
have 


L* . d 1 

?■(! + '■> or 

For convenience, we may write 


= Vl (2-7) 


d = and 6 = ^ = tVl + ii 

Vl + n ^ 

d = L and b — t 


When 11 = 0, 


( 2 - 8 ) 


When M = 0.25, 

d = 0.892/ and 6 = 1.12i 


Member Sizes. Hence, the member sizes of the grid are established. 
The area bd of each member replaces the corresponding area Lt of the 
plate and the ratio 6/dis the ratio {t/L) times the quantity (1 + m). It 
is to be noted that the grid members in the horizontal direction are 
identical with those m the vertical direction. It may at first seem 
peculiar that the grid members in either direction replace the entire 
area of the plate. However, when we realize that plate material does 
have the ability to resist forces in both directions while grid members 
are nm'fl, Trial, we find this relationship reasonable. 

Division of Load between Columns and Beams. Although their 
positions may reverse with change in direction of the main loads, we 
win temporarily find it convenient to look upon vertical members as 
columns and horizontal members as beams or girders. 

Length of column = L 

Breadth of column = depth of beam = d = ■ 

vl d-M 
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Area of cross-section of column or =tL 

Force necessary to shorten column one unit. See Fig. 2-5. 


Hence, 


— i 

P — — 4J? 

|P»E(when t= l) (when t=l) 

* ; A«i pp* — 




A=bd=tl 

Fig. ^5. Unit Vbktical Depoemattons op Column and Beam. 

For unit plate thickness, i = 1 and therefore 

•Pool = E (for unit deformation and unit plate thickness) (2-9) 

Force necessary to deflect beam one unit by flexure alone as a fixed- 
end beam or as a double cantilever. See Fig. 2-^5. 


Henjce, 


. _ . Q PX 712 ( 1 -b /i)\ P(l+M 

\2E\ tU ) tE 


m 

12(1 + y) 


\2E\ tU 


For unit plate thickness, t = \ and therefore 


Jld 

Pbemi == - (for unit deflection and unit plate thickness) (2-10) 
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Relative Stiffness for Force Distribution. 

Column stiffness = 1.0 (from P = E when A = 1 and t = 1) (2-11) 

Girder stiffness = (from P = ~ when A = 1 and f = 1^ 

1 + n\ 1+M / 

( 2 - 12 ) 

These relations control the division of load or of joint force between 
the columns and girders meeting at any joint. 

When 11 = 0, d = L,h=‘t and the force distribution to columns and 
girders meeting at a joint is the same. 

Relative Stiffness for Moment Distribution. Since the cross sections 
of columns and girders are identical, the resistances to joint rotation 
are the same for aU members. 

Secondaby Influences m Plate and Gbid 

Deformations for Loads at 46 Degrees to Beams and Columns. The 
extent of the influence of the non-isotropic properties of the grid can 
be checked by studying the distortions due to loads at 45 degrees to 
the directions of the beams and columns. The necessary calculations 
in t^luding the influence of Poisson's ratio are presented in an appendix. 
It is sufficient here to point out that the deformation in line with a 
load at 45 degrees to the direction of the columns is found to be the 
sn.TnP! as the deformation when the load is placed on the grid in line 
with the columns. Also, if the procedure of lengthening beams by 
Poisson’s ratio times the shortening of columns is carried out for loads 
at 45 degrees to the members of the grid, we find that a compressive 
deformation of unity along a line at 45 degrees to the directions of the 
members gives rise to an increase in the grid dimensions by the factor 
1.0m at 90 degrees thereto. Hence, the effect of Poisson’s ratio upon 
deformations is introduced in the diagonal directions as well as the co-^ 
ordinate directions. We conclude, therefore, that the directional 
geometry of the grid does not disqualify it as an analsrtical substitute 
for the structural plate. 

The Introduction of Poisson’s Ratio. Since the main example to be 
solved will not be complicated by the introduction of Poisson’s ratio, 
it is necessary to explain how this ratio may be introduced into grid 
analysis when necessary. Any value of Poisson’s ratio may he inbro- 
iuced into ffiis numerical procedure. The mathematical theory of 
alastidty has shown, however, that the influence of Poisson’s ratio in 
plftTift stress problems is usually negligible if not entirely zero. The 
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class of problems where fi does not enter into the equations for mtemal 
stresses are those of plates loaded around a continuous free boundary. 
Body forces and impressed distortions such as shrinkage effects give 
rise to stresses that are influenced by the value of Poisson’s ratio, at 

least to some degree. However, 
deformations always depend upon 
Poisson’s ratio. 

In Fig. 2-6 we have a gridwork 
shown with a vertical load at A. As 
a first step this load is permitted to 
compress the vertical member AB 
and deflect the horizontal members 
EA and AC. "With the shortening 
Fig. 2-6. Effect of Poisson’s Batio. of AB by Aab there is a lateral 

deformation developed which is ex- 
pressed as a Icnglhcming of the horizontal members EA and AC by 
0.5/1 Aab if this lateral movement is unresisted. However, if the 
joints E and C are not permitted to move horizontally, the result is 
to produce a stress 0.5/uS^ in the two members EA and AC. Simi- 
larly, if there is a stress introduced into BE as well as AB, there will 

be lateral stresses of 0.5/i j introduced into FB and BD. 

Evidently, as shown in Fig. 2-6, the stress O-S/jEab in the members 
EA and AC produce joint forces acting outward at E and C. These 
joints must be permitted to translate laterally until equilibrium is 
reached. As E translates to the left the average of the stresses in AE 
and ES give rise to a vertical stress in EF, producing an unbalanced 
vertical force at F. 

S„ - 0.5,. = (0.5ri‘ + 0.33S.U, ^ apprcmmatdy. 

( 2 " 13 ) 

»2 

Hence, Sef = ^ Sab approximately, which is quite negligible. This 

o 

result leads us to conclude that ffie influence of Poisson’s ratio need not 
be introduced vyUh great 'precision. Actually, it may be introduced 
normally into the force distribution procedure without greatly increas- 
ing the work involved. In some cases the influence of Pofeson’s ratio 
can be introduced more conveniently as a final numerical correction. 
As has been mentioned, its effect on plane stresses is often either zero 
or nearly so. 
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AcceixEra.ttn’g the Convergence 

Successive Relaxation, of Joints Proves Tedious. If a boundary 
force exists at the joint 2) as is shown in Fig. 2-7, the j&rst step might , 
be to permit the joint D to move 


vertically while the adjacent 
joints C, K and E were held fixed 
against translation and rotation. 

The force distribution between 
the three members meeting at D 
would be determined from the rel- 
ative stiffness controlled by equa- 
tions (2-11) and (2-12). Each of 
the distributed forces in DC, DE 
and DK would be carried over to 
the joints C, E and K without 
reduction. In sequence, the joints 
C, E and K could then be re- 
leased for vertical translation, 
and so on, until the original force 
at D had been distributed by re- 
peated vertical translations to all joints of the grid without permitting 
joint rotations. 

Sequence of Steps Inoolved in Successive Relaxation of Joints. To 
outline the entire procedure as a sequence of steps we have: 
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Fio. 2 - 7 . Inttiai. RBLATrrE Movements 
OF A Geotjp of Joints. 


(1) Release joints for successive vertical translation under the action 
of the load rmtil equilibrium is achieved. 

(2) Release joints for successive rotation caused by joint moments 
accompanying the fixed-end shears in horizontal members de- 
veloped in step (1). 

(3) From step (2) there are changes in the shears in all horizontal 
members, and shears are also introduced into vertical members. 
Compute these. 

(4) On separate sheets permit vertical and horizontal translations of 
the joints to attain equilibrium under the unbalanced joint forces 
developed by the shear changes of step (3). 

(5) New shears introduced in step (4) produce new joint moments to 
be balanced and distributed. 

(6) The procedure is completed by repeating steps (2) to (5) as often 
as necessary to reduce the remaining joint forces to negligible 
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values. Steps (1) to (5) may, of course, be used in a changed 
order, 

Unfortunaiely the •procedure ovilined, although simple and direct, is 
usually so tedious that it cannot he used nnthoui modification. In par- 
ticular, the first distribution of a boundary force (hroughoui the grid 
by step (1) is unacceptably tedious. The remaining steps converge 
much more rapidly. Step (1) must therefore be accelerated. 

Group Movements of Joints. In order to accelerate convergence of 
joint translations several devices have been employed: 

(a) Bhde Movements. When a number of connected joints have 
joint forces acting in the same direction, even though of different 
magniiudcf. a “block movement” may prove useful. A “block 
movement” is here defined as translation of several joints without 
relative motion. Hence, the action corresponds to the movement of 
a rigid Uoch. This device is of limited usefulness. 

(b) Relative Movements. As a starting point in an analysis or at 
any stage when a reasonable estimate of final joint movements can 
be made (see Fig. 2-7) we can translate the joints into the pattern of 
estimated deflections without permitting joint rotations and determine 
without difi&culty the corresponding direct stresses and fixed-end 
diears in all members. Then a simple distribution of moments will 
produce joint equilibrium for forces and moments if the assumed joint 
translations were exactly correct. Any unbalanced joint forces or 
joint restraints represent the inaccuracy of the estinoated distortions. 
Such restraints may be removed by following steps (4), (5) and (6) 
of the preceding section. This procedure as illustrated by Pig. 2-7 
involves relative movements rather than “a block movement” of joints. 

Strain Justtpication 

(c) Use of Estimated Direct Stresses. Since we are dealing with 
forces it is usually simpler to approximate the direct stresses in the 
members, at least in one direction, than to estimate joint movements. 
Such requirements as that of statics in Fig. 2-7 (the sum of all column 
stresses at any level must equal the load P) may be used effectively 
to control an estimate of the column direct stresses. Then by working 
upward from the fixed base in Fig. 2-7 these estimated direct stresses 
may be used to determine an initial vertical trandation of each joint 
with the corresponding fixed-end shears in each horizontal member. 
From here on, we could make use of the distribution and relaxation 
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steps (2) to (5) of the preceding section. It is clear that either a fixed 
base or a symmetrical center line are helpful since, othervrise, there 
is an additional approximation involved when Joint movements are 
computed relative to a line that may warp under the action of the 
loads. In such instances an estimate of the deflections of the base line 
has been employed successfully as will be demonstrated in Appendix B 
by the analysis of a notched beam. 

(d) Static Check after Moment DistribtUion. In addition to starting 
an analysis with a group of estimated stresses that (1) obey the re- 
quirements of statics and (2) that may be used to compute “relative 
movements” of the joints, it is possible (3) to improve the first estimate 
through rapid or even crude use of moment distribution. Since force dis- 
tribution is far slower than moment distribution, it is desirable to 
reduce the required steps of force distribution as far as possible. After 
an estimate of say the vertical forces and a calculation of the corre- 
sponding fixed-end shears and moments m the horizontal members of 
the grid, joint moments may be balanced and distributed. Even 
though this process is carried out with less than two-figure accuracy 
it will provide an improved set of shears in the horizontal members 
that should combine with the direct stresses in vertical members to 
approach joint equilibrium in the vertical direction. An application 
of statics (SY = 0) to each joint provides us with the restraining 
forces at the joints. If Oiese restraining forces are smaU at most joints, 
but relatively large at one or mare joints, we can use this information to 
revise the initial estimate of direct stresses and repeat the procedure until 
equilibrium is mare nearly established. The process of revisit^ the 
direct stresses in one or both directions so that the corresponding 
str ains and flexural deformations will result in balanced or compatible 
joint forces is here called “strain justification.” The word “justifica- 
tion” include the necessary dual meaning of adjustment and verifica- 
tion. ' 

(a) Fined Steps of Convergence. When a good estimate of the direct 
stresses in the major direction is obtained, the completion of . the 
analysis by the repetition of steps (2) to (5) from the preceding section 
will not prove tedious. 

R6sam6. Procedme (d) offers a device for minimizing the tedious 
process of distributing joiht forces. Instead, we repeatedly improve an, 
initial estimate of the direct stresses in ona or both directions frqm ^ 
information obtained titrough a reladvdy crude distribution of motntmts. 
This technioiie of strain iustifieation offers the added advantaize that 
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elaborate sheets of recorded distributions are avoided. At any stage 
of the calculations all previous work may be consigned to the waste- 
basket and only the best available approximation of the direct stresses 
need be saved. If this approximation of the direct stresses is essentially 
exact, a simple balancing of the corresponding fixed-end moments will 
show that the joints are in both force and moment equilibrium. Any lack 
of force equilibrium is then expressed as a series of joint restraints to 
be eliminated (o) by an improved estimate or adjustment of the direct 
stresses or (6) by using steps (3) to (5) of the pnsceding section. 

Example op Shkinkagb Steesses 

Cooling of a Lineal Weld in a Free Plate. As an example of tl^e 
application of the procedures outlined in (d) and (e) of the preceding 

section, it was decided to present the 
calculation sheets for determining the 
stresses in a plate with free bound- 
aries when shrinkage occms along one 
center line. The illustration Fig. 2-8 
shows the corresponding grid for 
which a free shrinkage deformation 
equivalent to the strain accompany- 
ing a stress of 27,500 lb per sq in. 
would have occurred in the members 
IH, HA, AH' and HT if they had 
not been restrained by the renoainder 
of the grid. Hence, these members 
must be in tension and adjacent 
members such as GB must be in com- 
pression. 

In this example, shrinkage is con- 
sidered to take place in one direc- 
tion only. In Fig. 2-8 the grid bar that shrinks {IHAH'I') is eight 
inches long and two inches wide, representing one-seventh of the plate 
width. Hence, the lateral shrinkage is comparatively unimportant 
and is neglected although it could have been included in the analysis. 
If the plate thickness is one-half inch, each bar has an area of 2 X f = 
1.0 sq in. The grid of seven by nine members has the same cross- 
sectional area in each direction as the 14 X 18 X ^-in. plate. 

The stresses in the horizontal direction are clearly not very impor- 
tant. However, they wiQ be analyzed as far as necessary to determine 
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their influence upon the vertical stresses. In this instance Poisson's 
ratio will influence stresses in both directions but the effect is sttisII- 
In order that the reader may find it possible actually to follow the 
numerical procedure from sheet to sheet without tmdue confusion, 
the value of Poisson’s ratio is taken to be zero. For a value of 5 ^ 0 



its influence could be introduced at an early stage of the numerical 
procedure or be added as a final correction. 

Numerical Correction Sheets. By the procedure to be used there 
are no calculations other than the simplest mental arithmetic. The 
only serious problem involved is to record the numerical corrections 
in as nearly a foolproof manner as possible. Long experience has 
shown the system of Fig. 2—10 to be the most effective for moment 
distribution. Signs of moments indicate the action of the moment in 
1M member on the joint, negative moment being coimterclockwise. The 
unbalanced moment divides equally between the members meeting 
at a joint and the carry-over factor is -1-0.5. This sign convention is 
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different from that used in Chapter 1.* A single line is drawn below 
the moments in all the members meeting at a joint when it has just 
b^n balanced. A double line is used above a summation. 



Relaxation sequences: EFGJKLMNORST; repeated twice 
♦New FE moments below first summations are from shear 
changes shown by first shear summations on the force 
distribution sheets. See Fig. 2-11 and Fig. 2-12 

Fig. 2-10. DisTEiBimoN of Fixed-End Moments. 

* Considerable difference will be found between the techniques of moment distribution 
used in Fig. 2-10 and Fig. 1-1 or 1-2. However, the basic procedures are the same. The 
techniques followed will be explained later. For a detailed explanation, see reference 7 at 
the end of this chapter. 
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For force distribution the sjratem shown on Fig. 2-11 is used. One 
vertical column of numbers represents the changing shear in a hori- 
zontal member and one horizontal line of numbers represents the chang- 


a9v 


a13v 


a7v 



Fig. 2 - 11 . DisTHiBimoN or F-Fobcbs. 


ing direct stress m a vertical member. The arrow heads show 
action of the force in Hie member on Ibe ad^acevd/ jointSy the two ajrrow 
heads in each case being oppositely directed. Here a single fine pre- 
cedes a simimatiom Note that whenever a joint resteaint is released, 
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a stress or diear enters each of the members intersecting at that joint. 
If the joint restraint cannot be divided into equal parts (when m = 0) 
corresponding to these three or four intersecting members, the numbers 



Relaxation sequence: OFN; BCDE6J; BCDFGLMS; NRT 
*Correction shears could be obtained from moment distribution 
sheet for agreement with second moment summations, but 
these were neglected since only V-forces were desired 


Fig. 2-12. DisTRiBimoK of ff«FoECEs. 


recorded are the closest approximation possible, which may ever 
require that a zero correction stress or shear be assigned to one or more 
members. Whatever the correction may be, its direction is indicated 
by an arrow placed nearest to the joint just balanced and the opposing 











GRID ANALYSIS 31 

arrow on the far side is added to show its influence upon the adjacent 
joint at the opposite end of the member. 

Open and Closed Arrow Heads. It wiU be noticed that some arrow 
heads are open and some are closed. This dmple device along with 
the record of the relaxation sequence at the bottom of the sheet malras 
it possible for the operator to recheek his figures step by step. A 
closed arrow head is used ordy to indicate a force introduced at the 
nearest joint as a balancing force. The directions of the original forces 
in the members and the carry-over forces are indicated by open arrow 
heads. Toward the end of the convergence the cancelled arrow head 
>0< provides a termination of the carry-over procedure. These devices 
make it possible for us to record single lines or colmnns of numerab 
on the force distribution sheets while double columns are necessary on 
the moment distribution sheet where the carry-over factor is not unity. 

Original Estimate of Vertical Coltmm Stresses. On Fig. 2-9 is 
shown the estimate of stresses in the vertical members, here called 
columns. If given a free opportunity for shrinkage, the members AH 
and HI would shorten by an amount equivalent to the deformation 
due to a stress of 27,500 lb per sq in. The restraint of the grid places 
these members in tension, which is estimated to be 20,000 lb i)er sq in. 
for AH (recorded as 200 on Fig. 2-9) and 16,600 lb per sq in. in HI 
which is recorded as 166. The member AH is the central member of 
the grid. Therefore its recorded stress of -}-200 must be balanced by 
—100 on each side in three columns. Hence, we find —50 in BG, 
—30 in CF, and —20 in DE, a total of —100 to the right of AH. 
Since aU members have the same cross-sectional areas which are here 
considered to be unity, the unit stresses will also serve as total stresses 
or as forces in the members. 

In a similar manner all vertical column stresses were estimated and 
the resulting joint movements, recorded in boxes at the joints of 
Fig. 2-9, were obtained. Here it was formd convenient to record just 
the value of the summation of the direct stresses for aU members above 
the base or center line. A direct stress must of course be divided by 
A Fi and multiplied by h to become a displacement. But then the 
relative displacements of two joints such as G and F would have to be 
multiplied by AE and divided by E to become the shearing force in 
the member GF. This manipulation was avoided in Fig. 2-9 by re- 
cording the summation of the direct stresses as relative joint displace- 
ments. This rdbtionship would be changed sli^tly if ^ 0, as is 

clarified by Kg. 2-^5 and equations (2-9) and (2-10). 
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Revised Estimates of Vertical Column Stresses. Actually the col- 
umn direct stresses recorded on Fig. 2-9 are not the first set of esti- 
mated direct stresses. The first estimate was so crude that upon de- 
temunation of the fixed-end shears in the horizontal girders it was 
clear that the equation of statics SF = 0 was very far from being 
satisfied at a number of joints. Since a revision of the column direct 
stresses would entail very little additional work it was immediately 
decided upon. 

The second estimate of column direct stresses proved to be better 
tlian the first smce the fixed-end girder shears, when calculated, ap- 
peared reasonable. Hence, the next step of balancing joint moments 
was carried out; Then the resultiug girder shears along with the 
estimated direct stresses were tested at each joint by use of the equa- 
tion of statics, SF = 0. In fact, the corresponding joint restraint m 
the F-direction was determined at each joint. A picture of the grid was 
then drawn vnth a load ai each joint of equal and opposite vcdue to the 
unwanted joint restraint. This procedure of revising direct stresses and 
joint movements has previously been described under the heading of 
“strain justification” for compatibility. 

Final Estimate of Vertical Column Stresses. Since the final stresses 
in the vertical columns would be those of the second estimate plus or 
minus those produced by the set of joint forces that are equal and 
opposite to the joint restraints, it became possible and desirable to 
make a third estimate of the column direct stresses. This is the esti- 
mate shown in Fig. 2-9. Since this is merely an estimate, the smaller 
effect of joint restraints in the lateral or horizontal direction upon 
vertical column stresses was neglected. This influence was too subtle 
to be introduced into the estimate, but it will be obtained throu^ the 
balancing and distribution of forces and moments in Figs. 2-10, 2-11, 
and 2-12. However, it will be found that every minute spent in 
improving the original estimate of direct stresses is likely to save 
several minutes of time otherwise consumed in repeated relaxation of 
joint restraiats. The procedure of strain justification is an important 
time saver. 


Final Outline or Numbkccal Pbocedube > 

Detailed St^s in the Removal of Restraints. We understand that 
the procedure is initiated by estimating the direct stresses in one or 
both directions in the grid. If the stresses in the vertical direction as 
in Kg. 2-9 are clearly the controlling stresses, they may be given first 
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consideration. Hence, we have for this problem the following steps 

of analysis: 

(1) Estimate the vertical or column direct stresses. 

(2) Determine the corresponding joint movements (vertically) rela- 
tive to the fixed horizontal center line. 

(3) Compute the ^ears in the horizontal girders caused by these 
joint movements. 

(4) Check the forces at each joint very roughly for agreement with 
statics by use of the equation, SF = 0. Anticipate some reduc- 
tion in the shears in horizontal ^ders due to moment distribu- 
tion. 

(5) Revise steps (1), (2), (3) until step (4) is satisfied. 

(6) Balance and distribute fixed-end girder moments into all members 
of the grid. This step changes the girder shears and introduces 
shears into the columns. 

(7) Use the revised girder shears from (6) along with the last estimate 
of column direct stresses to again check the joints for force equi- 
librimn by use of the equation, SF = 0 at each joint. If seriously 
imbalanced joints are found, revise the estimate of vertical column 
direct stresses, step (1), and repeat steps (2), (3) and (6). 

(8) Permit joints to translate vertically under column direct stresses 
and girder shears. A joint by joint relaxation sequence is satis- 
factory here. 

(9) Compute horizontal joint restraints from column shears, step (6), 
and estimate the direct stresses in the girders that will occur when 
these restraints are removed. 

(10) Compute joint movements in the H-direction relative to the fixed 
vertical center line due to the estimated direct stresses in the 
girders from step (9). 

(11) Introduce fixed-end column shears due to these relative joint 
movements along with column shears from step (6), moment dis- 
tribution. 

(12) Permit joints to translate horizontally under girder direct stresses, 
' step (9), and column shears, steps (6) and (11). 

(13) Steps (8) and (12) have disrupted the moment balance of step (6). 
Hence, correction shears from steps (8) and (12) are introduced 
as firod-end moments on the moment distribution sheet and jmni 
moments are rebalanced and distributed. 

(14) Corrections to tiie girder and colunm tiiears from step (13) are 
introduced oh the H and F force distribution ^eets, and joSnti 
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aare again permitted to translate to attain internal equilibrium, 
i.e., 'S.H = 0 and SF = 0 at each joint. If a reasonable estimate 
of direct stresses was obtained through steps (1) to (5) and 
step (9), the changes in the shears will probably be too small to 
influence Mi)pro;-i:il:ly the balance of joint moments. Otherwise 
steps (13) and (14) are to be repeated. 

(15) In the example of Figs. 2-9 to 2-12, steps (1) to (13) were com- 
pleted but in step (14) the correction shears were introduced 
only on the F-force distribution sheet, Fig. 2-11. The jff-forces 
were found to be small and the influence of introducing correc- 
tions on the H-force distribution sheet, Mg. 2-12, woiild not have 
influenced the F-forces which were desired. 

Ebcobding the Numerical Steps op Convergence 

Sheets of Numerical Calculations. After the estimate of the direct 
stresses and the calculation of the • •>r!V'|)ori.i'i.‘r relative joint move- 
ments and girder shears in Fig. 2-9, the first numerical calculation 
sheet is the balancing and distribution of moments in Mg. 2-10. The 
fixed-end moments in any girder are taken to be one-half of the fixed- 
end girder shear for that member from Mg. 2-9. In member HQ the 
shear a25v in Mg. 2-9 gives rise to fixed-end moments of —12 for 
HQ in Fig. 2-10. Thus, we are assuming a member length L of unity. 
The sum of the unbalanced moments at a joint is divided equally 
between the intersecting members. A moment that tends to rotate 
the adjacent joint clockwise is given a plus sign. Carry-over moments 
are of the same sign as the balancing moments that produce them. 

When columns of moments are summed, the sum of the two end 
moments for any member equals the final shear in that member. The 
first summations of balanced moments from Fig. 2-10 (numbers below 
first double lines =), give rise to the first girder shears in Mg. 2-11 
and the first column shears in Mg. 2-12. For example, in member EG 
of Mg. 2-10 the first moment summations —11 and —9 give rise to 
the shear a20v in HQ on Mg. 2—11. Similarly, in the member JG of 
Fig. 2-10 the moment summations +16 and +11 give rise to the 
column shear v27a on Mg. 2-12. 

Force Distribution or J oint Translations. When a joint restraint is 
relaxed and translation is permitted, forces adjust themselves to pro- 
duce equilibrium. Consider joint E which is the first joint to be 
balanced on Mg. 2-11. There is a compression of 15 acting down- 
ward from LE, a shear of 5 acting downward from FE and a com- 
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pression of 20 SiCtii]^ upward from ED. Hence, this joint is already 
balanced and SF = 0. The balancing forces are zero and are written 
as ^0 for each member. At G, however, we have 47 acting down from 
GJ , 50 acting up from BG, 20 acting down from HG and 11 acting up 
from GF . The resultant is 6 actiog down which must be balanced by 
four upward correction forces. Each, of course, should be 1.5, but 
to avoid fractions an upward force of 2 is added to each of the two 
columns and an upward force of 1 is added to each girder at G. 

On Fig. 2-12 we have for the H-forees the equivalent of Figs. 2-9 
and 2—11 for the F-forces. Estimated stresses are given for the hori- 
zontal members with the corresponding joint translations relative to 
the vertical center line. These relative joint movements give rise to 
column shears such as a7v, the second recorded number for the mem- 
ber RO. The first number v19a is the diear introduced into tbia 
member by moment distribution or the sum of the first summations 
of the end moments for RO in Fig. 2-10, i.e., 10 + 9 = 19. Joints 
are released for horizontal translation according to the relaxation 
sequence given on the illustration. Fig. 2-12. 

Corrections Resulting in Second Summations. A final summation 
of the shear OJ of Fig. 2-12, for example, shows that the distribution 
of H-forces has changed the shear from +31 to +21 a change of —10. 
This change must be expressed on the moment distribution sheet, 
Fig. 2-10, where one finds correction moments of —5 added to each 
end of this vertical member. Sudi correction moments are marked 
with an asterisk. Similarly, on Fig. 2-11 for the F-forces we have a 
shear change in the member IJ from —63 to —59 at the first summa- 
tion. This decrease of +4 is represented by correction moments of 
+2 (see asterisk) at each end of the member IJ in Fig. 2-10. 

After these correction moments determined from the shear changes 
of Figs. 2-11 and 2-12 are introduced on Fig. 2-10, moments are 
rebalanced and distributed, and the second moment summations are 
obtained. This process has disturbed the balanced F-forces of 
Fig. 2-11 and also the balanced ff-forces of Fig. 2-12. It was con- 
sidered important to recorrect the balance of F-forces but not the 
balance of H-forces which are not very significant in this problem 
Correction shears marked with an asterisk are, therefore, introdueec 
in Fig. 2-11 to make the total shears at that stage in Fig. 2-11 agree 
with the second summations of moments on Fig. 2-10. These correc- 
tion shears in Fig. 2-11 are seen to be small. They are quicMy bal- 
anced to nroduce equilibrium (2JF = 0) at each jmnt. The final vrarti- 
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cal cnl iimn stresses and vertical shears in the horizontal girders (second 
summations in Fig. 2-11) are not greatly changed from the first sum- 
mations. 


Intbepketation op Results 

Relationship between Grid and Plate Stresses. In Fig. 2-11 we 
have final values of the direct column stresses. These are plotted as 
block fiifl.grfl.Tna for each level in Fig. 2—13. One vertical column cor- 
responds to one-seventh of the 
cross-sectional area of the plate 
along a horizontal section. In the 
horizontal direction there are nine 
members. Hence, the plate di- 
mensions must bear the relation 
of 7 to 9. Let us consider a plate 
14 X 18 X ^ in. Each member 
of the grid then replaces a plate 
area 2 X ^ = 1 sq in. The final 
direct stresses therefore represent 
average unit stresses over the 
2 X |-in. plate section. A smooth 
curve is drawn through the block 
diagram at the bottom of Fig. 2-13 
to ^ow how the unit vertical 
stress mi^t be expected to vary 
in the plate. 

It must be kept clearly in noind 
that the total stress in any member 
of this grid represents an average stress over an area of plate 2 X f in. 
The irUerjn'etaiim of these vakies, therefore, requires the same techniques 
as the interpretation of strain-gage measurements made on the ^-nn. gage 
ImgQxs of a rectangular grid system. A plotting of the vertical stress 
variation in Fig. 2-14 indicates some of the problems of interpretation. 
It is clear that the questions involved beccane more easy to answer ais 
the subdivision of the grid is made finer. 

Statistical Values of Principal Stresses. If stresses in both hori- 
zontal and vertical members are determined with equal care, it is pos- 
sible to obtain an approximation of the principal stresses for a given 
point by the following procedure. The shears in the four members 
meeting at a joint will not be equal but they will approadh each other 
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as the grid is further subdivided. Hence, at any stage in the analysis 
iAe average of these unit shears is the best approximation of the unit shear 
for a corresponding point in the plate. By using this average shear 
•with the average of the direct stresses in the adjacent columns and the 
average of the direct stresses in the adjacent girders, the principal 


Pfate outfine 



Fro. 2-14. Stbbss m the F-Dibbction Plotted Hoeeontallt on Coltjmnb. 

stresses may be computed algebraically or graphically. , The signifi- 
cance of such stresses will increase as the grid is further subdi-rided. 
As was illustrated by Fig. 2-1, it will be recalled that the author does 
not always place full emphasis upon theoretical point stresses in design. 
However, a statistical principal stress computed from average grid 
forces as suggested above appears to be worth study. 

Sttbdivisioii of the Grid in a Region of Steep Stress Gradients. 
Although a coarse grid such as the one used in Fig. 2-14 was useful for 
this particular problem, it may not prove satisfactory for other prc^ 
lems . For example, the study of a bar ■with a rectangula r notch intro- 
duces the question of how to handle very steep stress gradients. A 
solution without long tedious numerical calculations requires sub- 
division of the grid only in the region of the notch. This problem has 
been studied and a procedure developed. 
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Li general terms the best procedure is first to analyze the problem 
by use of a coarse grid. Then consider the grid to be subdivided 
throughout its entire ejctent but use the unit stresses from the coarse grid 
as a guide for obtaining a first estimate of the direct stresses in the sub- 
divided grid. Next compute joiut movements and the corresponding 
member shears within the region of steep gradients of stress and bal- 
ance joint moments in this area. Follow up with joint force distributions 
in two directions within the localized region being studied, but assume that 
the stresses outside of this area remain unchanged from those estimated 
by use of our knowledge of the stresses in the coarse grid. Since stress 
concentrations are always localized, it is possible by this procoilui-c to 
take advantage of the use of a coarse grid to determine approximate 
stresses over most of the plate but to gain the is rr'ii'n- of finer sub- 
division (the equivalent of a short gage length in experimental meas- 
urements) within a region of steep gradients of stress. 

Conclusion 

Usefolness to the Designer. Methods of numerical anMlywi-! when 
applied to plates and wall problems have in the past proved to be very 
tedious. Such methods might be used in special research studies but 
they could be of little help to a designer. The physical tool of grid 
analogy has been simplified by three devices: (1) the concept of per- 
mitting initial relative movements of a large group of joints in agree- 
ment with statics, called “relative movements,” (2) the concept of 
“strain justification” or checking the accuracy of this initial estimate 
of stresses and deflections and then revising that estimate as often as 
necessary to avoid tedious joint relaxations, (3) the procedure of using 
a finer grid only in regions of steep stress gradients. The first two 
simplifications are merely refinements of the author’s procedures of 
wind-stress analysis of tall buildings. The third has been used in some 
form by most writers on numerical methods. These simplifications 
have reduced the time consumption to the point where a grid analysis 
for a troublesome problem may ultimately become feasible within the 
time Ihnitations of a design office. Further simplifications, howevOT, 
are needed, and some are in prospect. 

The concept of a statistical approach to internal stresses is an impor- 
tant one. The fact that grid analogy automatically produces aoerage 
stresses over finite vndths rather than point stresses is a favorable factor 
if used intelligently. It is particularly meaningful that the subdivision 
of the grid can be related roughly to the stress gradient. Thus it 



GRID ANALYSIS 


39 


would be possible to control in a crude way the relationship between 
the statistical or average stress and the theoretical maximum stress. 
Finally, grid analogy makes use of the physical concepts of column 
stresses, girder moments and shears, column shortening, joint rotation, 
moment distribution, and joint relaxation that have become the standard 
working tools of the structural designer. They are merely put together 
here in effective form for analysis of the analogous grid. 


Ajppkndix a 

Grid Deformation under a Diagonal Load. For a grid at 90 degrees 
to the direction of the loading as shown in Fig. 2-15 (a) it is evident 
that each diamond has exactly identical stresses and deformations, as 



Fig. 2-15. Gbid Dbegbiution fob Diamond OaisNrrAaioN. 


is shown in Fig. 2-15(&). (We are assuming no lateral restraint from 
the base.) Consider as a static structure a diamond with pins at the 
ends of its horizontal diameter. Then the indeterminate moment de- 
veloped at the pin for the condition of free lateral deformation is 


„ _ fM.ds/EI _ (4/F7)(0.353PL)(L/2) ^ 
fds/EI ~ 4L/EI 

The deformation along a vertical diameter becomes 

j, C^Mm'ds , SuL 

^' = *1 -^+aW 


(2-14) 


A Mm' ds , SuL 
“ Jo El ^ AE 

= ^ J\0A77L - 0.353x0* da/ + 4(-0-353P) X -0.35 3 )L 


,, 0.042PI/* , 0.5PL 

Ar = 5?;^ 


(2-16) 
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1 tT,^ 

Let A = Lt, and I = tjt -rr-i — r (Equations (2-1) and (2-8)) 

12 (1 + m) 

Then we have 


P ^ 0.5P(1 + m) , 0^ ^ P + 0.5/zP 
Et Et Et 


(2-17) 


Similarly, by reversing the sign of the term 'ZiSuL/AE, we obtain the 
deformation along a horizontal diameter 


p _ 0.5P(1 + n) 0.5P _ 0.5mP 
^ Et Et Et 


(2-18) 


Inbrodvcing the Effect of Poisson’s Ratio. It wiU. be noticed that 
Aff becomes zero when y. = 0, which fulfills one requirement. How- 
ever, we have not as yet introduced the effect of Poisson’s ratio into 
the grid deformations. The compressive stresses (— 0.353P) in one 
direction in the diamond give rise to tensile elongations at 90 degrees 
thereto. Evidently these of each side of the diamond 

simply increase its geometrical size. If we again assume that these 
strains are unresisted, we have 

Tensile strain at 90° due to y for the length L is equal to 
M(0.353P)^ = ^i^^:|^- 


The corn^^porxlitig cluitigi^ in either diameter of the diamond is 


1.414m(0.353P) ^ O.S^P 
Et Et 


(2-19) 


Combined Strains of Loaded Diamond Including Effect of (i: 


*p P + 0.5 aiP , 0.5yP _ 
¥t 


p 

Et 


PL 

AE 


. p 0.5yP , 0.5/tP ^ ifP ^ 
Et ^ Et Et 


(2-aO) 

(2-21) 


Hence, the lateral spread of the diamond is y times the vertical shorten- 
ing. Also, the vertical deformation for the diamond arrar^ement is 
the same as the vertical deformation for .a rectangular grid arrange- 
ment. When one notices in Fig. 2-15 (a) that the load per unit length 
is not P/L but P/1.414L, it becomes clear that the vertical deformation 
(PL/AE) which occurs in the depth L of the rectangular grid diould, 
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likewise, occur in a depth of 1.414L for the diamond arrangement. 
Hence, deformations in all directions studied are comparable for the 
two configurations. 


Appendix B 

Notched Beam Solution bt Gkid Analogt 

PBOBUai WOBKBD BT Ain>BBW J. PtKA, * 

Coirectiaa to Ordinary Beam Theory. In the study of notched 
beams, the problem of a deflecting base line was encountered and 
solved. The beam chosen is shown in Mg. 2-16 with the manner of 



Fig. 2-16. Notched Beam with Loads. 


loading indicated by end couples. This loading when transferred to 
the analogous grid is applied as joint forces having a straight line varia- 
tion (following the My /I formula). The corresponding grid for one- 
half the beam is shown in Fig. 2-17. In order to study the problem as 
a correction to ordinary beam theory, the boundary forces (Fig. 2-17) 
are reproduced in the members from the boundaries A and F to the 
level D where there is an abrupt change of cross section. At the level 
jD, therefore, we have a seriously imbalanced set of joint forces illus- 
trated in Fig. 2-18. Hence, an analysis of grid forces caused by the 
unbalanced loads of Fig. 2-18 may be added to the ideal stress pattern 
of Fig. 2-17 to give the final set of grid forces. 

Estimates of Joint Movements or of Forces and Shears. The pro- 
cedure of estimating column and girder forces described earlier in this 
chapter was followed. Several successive estimates were made and 
after a balance of moments the estimate was, in each case, improved. 
For the horizontal or girder forces, these estimates gave rise to hori- 
zontal joint movements that had to be computed by summii^ the 
shortening or lengthening of members from the deflected base line of 

* Engines, Standard Oil Compaiiy of Tndiana. This problem is from A. J. I^^Hka’s 
thesis for the M^. decree at Illinois Institate of Technology^ 1948. 





Fig. ^19. Assukeed Gieldhb Fobcbs Ain> Oal- 
cuLATBD Fixed-End Seeabs in Columns. 
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Fig. 2-19. A rou^ estimate of the deflections of the vertical base line 
was made from the ordinary deflection theory of beams. The deflec- 
tion estimate was not found to be very satisfactory, however, and 
adjustments mere made both in the deflections of the base line and in the 
estimated forces in the girders to obtain joint ofiuilibrium in the hori- 
zontal direction after balancing the joints for moments. The esti- 
mated deflections of the vertical base line will be clarified by a study 
of its fixed-end shears (right-hand column line of Fig. 2-19). Such 
an estimate may be made in terms of deflections or directly in terms 
of fixed-end shears as in Fig. 2-19. All other column shears are made 
dependent thereon. 

In Fig. 2-20 the four right-hand columns are attached to the fixed 
base line (horizontal center line of beam in Fig. 2-20) and the vertical 
movements of their joints are readily obtained from estimated column 
forces. However, for the two left-hand columns, estimates of the 
column forces were made and revised along with estimates of the shears 
in the lower horizontcd pair of girders since there is no fixed base line 
within the depth of the notch from which to work. 

Liquidating Unbalanced Joint Forces. In Fig. 2-21 and Fig. 2-22 
are shown the smallest sets of unbalanced joint forces obtained throu^ 
successively estimating the forces in all members, obtaining the joint 
movements and the corresponding member shears, and then by bal- 
ancing moments. These unbalanced forces were deemed sufificiently 
small so that a successive release of joints for vertical and horizontd 
translation would not prove tedious. After the balance of forces in 
the horizontal and vertical directions by successive joint translations, 
the girder forces and cohunn shears of Fig. 2-23, along with the column 
forces and the girder shears of Fig. 2-24, were obtained. It will be 
found that these forces and shears are nearly in exact equilibrium at 
each jointi Accordingly a solution of the grid has been obtained. 

Statistical Principal Stresses in the Notched Beam. From the 
data of Fig. 2-23 and Fig. 2-24, a statistical maximiiTn stress was com- 
puted at each joint of the grid. This was accomplished by using the 
average of the two girder forces as the statistical horizontal stress at 
the joint and the average of the two column forces as the vertical 
stress. (Force and stress are interchangeable because each member 
has a unit area.) The shears of the four members meeting at a joint 
were averaged to obtain the statistical shear. Then by Mohr's circle 
or by the comparable mathematical relation, the statistical TnaTrinmim 
stress at the joint was obtained. 
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Fig. 2-21. Unbalanced Joint Fobcbs in the 
Hobizontal Dibection. 



Fig. 2-22. Unbalanced Joint Fobcbs in the 
Vebtical DntBcnoN. 

The joint forces shown in Mg. 2-21 and Fig. 2-22 must be liquidated by aiccessive forte 
ynH momefnt distnbutions. Foioe distaribution was perfoonned in two directians resuMxog 
in the final stresses and eheais of Fig. 2-23 and Fig. 2-24. 
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Shears. 


Fig. 2-23 and Fig. 2-24 represent the final direct stresses and shears in vertical columns 
and horizqntal beams. Each joint will be found to be nearly in exact equilibrium when 
checked by the equations of statics. The remaining joint restraints are therefore neglible. 
The stresses and shears of Figs. 2-23 and 2-24 give rise to the statistical principal stresses 
plotted in Fig. 2-25. 
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Stress Coniours. These values for all joints are recorded on Fig. 2-25 
and approximate stress contours are drawn to illustrate the streis 
pattern in the beam. It is recognized that a finer division of the grid 
would be necessary to plot such curves with the desired accuracy. 



Directions Stress Contours 


Fig. 2-25. Maximum PbincipaI/ Stresses Determined StatisticaMjT. 

A photoelastic pattern obtained by Dr. A. J. Durelli and analyzed by S. J. Fraenkel and 
R. L. Janes gave p~q values (shears) which checked the statistical shears from this grid 
ftnaly pift within about 20 per cent. Considering the crude subdivision of the grid, the 
agreement is rather good. No comparison was possible near the comer of the notch. 

Extrapolation to the boundary was considered reasonable, but the 
curves of constant stress are seen to be free from the critical internal 
comer where a finer subdivision of the grid will be needed because of 
the steep stress gradients. After this analysis had been completed a 
photoelastic" study of this beam was made. A comparison of p -5 
.Q+.rPsaps showAd a variation of about 20 ner cent from the 
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statistical shears. Considering the crudity of the grid, this agreement 
seems rather good. Of course, no useful comparison could be made 
close to the corner of the notch. 

References to Supporting Pubucations op L. E. Grinteh 

(1) Discussion of Hardy Cross’ paper on moment distribution, Trans. ASCE 96, 11-20 
(1932). 

(2) “Wind stress analysis simplified,” Trans. ASCE (1934), pp. 610-634. 

(3) “Sign conventions for moment distribution,” Eng. News-Record (Mar. 7, 1935), 
p. 359. 

(4) “Analysis of continuous frames by balancing angle changes,” Trans. ASCE 102, 
1020-1036 (1937). 

(5) “Determining influence lines by balancing angle changes,” Eng. News-Record 
(Oct. 6, 1938), pp. 443^5. 

(6) “Direct design of continuous beams,” Eng. News-Record (Mar. 16, 1939), 
pp. 50-52. 

(7) Theory of Modem Steel Structures (MacmiUan, 1937 and 1949), Vol. 2. See chapter 
on “Modern Methods of Analysis of Continuous Frames” and chapter on “Analy- 
sis of Continuous Frames by Balancing Angle Changes.” 

(8) Automatic Design of Continuous Frames in Sted and Reinforced Concrete (Mac- 
millan, 1939) . Numerical methods are here applied both to analysis and to desig n. 



CHAPTER 3 


mJMERICAL SOLUTIONS OF BOUNDARY VALUE 
PROBLEMS BY RELAXATION METHODS* 

■ F. S. Shaw** 


Synopsis. Many of the present day problems with which the en- 
gineer or physicist is confronted lead, in one way or another, to a two- 
dimensional linear partial differential equation of the boundary value 
type. For a few simple mathematical shapes, e.g., circles, squares, 
ellipses, etc., exact solutions are available; however, in general these 
are not profiles of great iaterest. 

In an endeavour to provide means for obtaining approximate solu- 
tions of the problems of practical importance, the numerical methods 
of solution known as relaxation methods have been developed in recent 
years by R. V. Southwell and others. In effect the 'partial differential 
equation concerned is replaced by its finite difference equivalent, so that 
instead of having to solve one governing equation the problem redruxs to 
that of solving a large number of simultaneous algebraic equations. The 
equations are always simple, though the number may be of the order 
of one or two hundred. 

This paper contains nothing that is new, but attempts to make clear 
the use of many of the devices employed in solving such problems, for 
example, lines of symmetry, block operators, curved boundary opera- 
tors, etc. It will be seen that the methods, as well as being ext remoly 
simple, are also capable of very general application. 

Inteoduction 

Associated with many of the problems that arise in engineering or 
physics is the necessity of solving a linear partial differential equation 
of the boimdary value t3q)e. 

♦ This paper was prepared in connection with work done under Contract N7oni^358 
sponsored jointly by the Office of Kaval Eesearch and the Bureau of Ships. 

♦♦ Senior Eesearch Officer, Division of Aeronautics, Council for Scientific and Industrial 
Research, Melbourne, Australia. 
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Typical Equations. Consider, for instance, Laplace’s equation 


dx^ dy^ 


= 0, i.e., = 0 


or Poisson’s equation 




(3-1) 


(3-2) 


where the function f(x,y) is given. These two equations * are asso- 
ciated with many fields of study: elasticity, electricity and magnetism, 
hydrodynamics, etc. The function 4>, or its normal derivative, d<i>fdn, is 
specified around the boundary of some well-defined domain, and it is neces- 
sary to solve for 4> inside the domain, such that either equation {3-1) or 
(3-3) is satisfied there. 

In cylindrical coordinates equations of the type 


dz^ r dr ' dr^ 


(3-3) 


are met with, of which the one associated with torsion of a shaft of 
rotational symmetry : 


_ 3 ^ ■ ^ Q 

dz^ r dr dr^ 


(3-4) 


is a well-known example. 


Fourth Order Equations. Another common type of equation is that 
involving the biharmonic operator. In the field of elasticity there 
occurs both 


and 


^ _1_ 2 I ^ = 0 

dx^ dx^ dy^ dy^ 


(3-5) 


d*w , 2 9*w 
dx* dx^ dy^ 




(3-6) 


These equations, being of the fourth order, have boundary conditions 
more complicated than those associated with equations (3-1) to 
(3-4). Those most commonly experienced have both x and dx/dn 
specified, or w and dho/dn^, or other similar combinations. Equa- 
tion (3-5) is associated with the problems of plane stress or plane 
strain, and equation (3-6) with the deflection of a thin flat plate 
loaded normal to the plane of the plate. 


* Problems in two independent variables are the only ones that will be considered. 
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All of the above equations pertain to r op;:* media; however, 
similar but more complicated equations may be written down for 
anisotropic media. All the equations are linear. 

Solutions Sought. For various simple mathematical shapes, e.g., 
circles, ellipses, squares, these equations have been solved exactly, and 
complete solutions are available. This situation is not sufficient, how- 
ever, for the engineer or physicist. He is often concerned with shapes 
that are not expressible in simple mathematical form, and for his 
problems it does not seem possible to obtain solutions to the above 
equations by orthodox means. Be that as it may, an answer is stUl 
desired, and an answer giving stresses, say, to within 5 per cent or 
even 10 per cent is much better than nothing. 

In an endeavour to fulfill this general need, the approximate numeri- 
cal methods known as relaxation methods have been and are still 
being developed, in England mainly by R. V. Southwell^ and an 
associated group, and it is with a few of the general techniques associ- 
ated with the methods of Southwell that this paper is concerned. 

Without discussing any particular physical problem it is hoped to 
show how the methods work.* It is essential to realize that the whole 
treatment is numerical, that is, any particular solution consists of a 
pattern of numbers, so that as such each separate problem must be 
solved anew. No formula or general expression becomes available 
into which particular dimensions can be inserted to give answers to 
particular problems. 

Finite Diepekence Equations 

Relationship to Differential Equations. Two major steps are used 
in obtaining a numerical solution. Firstly the governing partial dif- 
ferential equation is replaced by its finite difference approximation. 
If, then, a regular mesh of fines is superimposed on the domain of the 
problem being considered, tt is fossible to torite down one finite difference 
equation for each node of the network. Thus, instead of being required 
to solve one partial differential equation, the problem reduces to 
solving a set of simultaneous finite difference equations, the latter being 
regarded as the second step. 

Since the number of equations involved will be large, often of the 
order -of 100 to 200, solution by successive elimination, or by the use 

* The material from which this paper is drawn has already appeared in the form of a 
more comprehensive report^ see reference 2« 
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of detenrunants or matrix methods, is not feasible. It is to the various 
devices used in actually cl'.'.-iiTi!:!-! a solution that the name relaxaiion 
methods has been applied. 

Setting up Difference Equations. In Fig. 3-1, 
let the curve shown be the graph of some func- 
tion <j) = <l>(x). At some point x — Xe, we have 
by definition for the point e of Fig. 3-1 



Fig. 3 - 1 . Function 

OF 


(d^\ ^ 

\dx)» 


lim 


4> (xe + 2 ) 0 (a:* 2 ) 


= lim 


where 




~ 06 
h 

d(j> 


is meant the value of ^ at the point x = e, etc. 

/e 

Consequently, when h is small, we may write for equation (3-1) 


_ 4>c ~ <l>h 

[dx/e ~ h 


and similarly 
Also, since 
it follows that 


\dx)i 


4>i ~ 4>a 
h 


(3-7) 

(3-8) 


d^(f> _ d^ /d4> 


dx^ dx 




WJ, 


(m 

\dx) 

_/^\ 
WA \dx)d 


/b h 

By introducing values from equations (3-7) and (3-8) one obtains 


fd^<l>\ _ <l>c d>a ~ 20i> 

\da;*A 


(3-9) 


In equation (3-9) the expression ((f>e + — 24>b)/h^ is the finite differ- 

ence approximation for (d^<l>/d3f)h. 

Check by Taylor’s Series. Alternatively, on the assumption that 
locally the function may be expanded in the form of a Taylor’s 
series, we may write 

(^)» = Oo + aix -\r 02 X* + 0 ^ + 043 ^ + * • • (3-10) 
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With z = Xi as origin we then obtain 


flO = 4>b 



etc. 


and, substituting - Xi) = h, {x^ - Xi) =-h, etc., and solving for 
uj we obtain 


2! 02 = 



4>c -j- <t>a — 2<^t ■ / d*4>\ , 

■^12WA 


(3-11) 


so that the finite difference approximation for 
(P4>fdx^ as given by equation (3-9) neglects 
terms Qv^/12){d%/dxf^) + • • • 

Difference Eqtiival^ts. Consider now the 
function ^ = <^(x,y) as a fimction of two in- 
dependent variables. If, on the x,y plane, a 
mesh of lines be drawn parallel to the x and 
y axes, and spaced a distance h apart, as in 
Kg. 3-2, then in the manner just outlined 
the following appro.ximalion.^ are obtained: 
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Fig. 3-2. Standabd 
Latticie. 


When points 2 and 4 are 2h apart 

(§£\ ~ (^4 ~ ^2) 

\dx/o 2h 

/^\ _ (<^1 - ^3) ’ 

\dy)o 2h 

From, equation (3-9) 

1 <l >2 <t>s "h <t>i — 4^0) 

\5x* dyyo 

Similarly 

r 3r dr^/o 

^ (4'i + ^2 + ^8 + ^4 — 4^0) _ B(4'1 — ^a) 

A® 2roA 


(3-12) 


(3-13) 


(3-14) 
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One may also write 

(d\ , 2 I 

Vaa^ dx^ dy^ dyyo 

~ |i {20xo — 8(xi + X2 + Xa + Xi ) + 2(x5 +-X6 + Xt + Xs) 

+ (x9 + xio + xii + X12) } (3-15) 
The notation follows that of equations (3-1), (3-4) and (3-5). 


Residual and Relaxation Opebatoks 

For clarity it is advisable to discuss a particular equation; accord- 
ingly the equation 

0 + (3-16) 

will be considered, the function fix,y) being given. 

Use of Residuals. Let Fig. 3-3 represent a portion of the area in- 
volved, the points being numbered for convenience of discussion only. 

Consider point 13. Using the approximations al- 
ready developed the finite difference equation ap- 
propriate to that point as controlled by equation 
(3-16) is 

+ ^18 + <l>u ~ 4^8 = h^f{x,y)i} (3-17) 
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There will be one such equation for each internal 

Fig. 3 - 3 . ^or ^esh point. 

Equation ( 3 - 16 ). ^ 

Suppose now that by a guess (or by some other 
means) values have been obtained for aU of the <f>i, i = 1,2, 

In general they will be incorrect. Accordingly, the equations of type 
(3-17) must be written as follows 

^ + ^12 + 018 + 014 — 4013 “ — ^13 ( 3 - 18 ) 

etc. 


where the R’s are measures of the errors. This particular equation 
is for points surrounding point 13. For the correct values of 0, the 
jB’s, or residuals as they are called, will be zero ever 3 rwhere. For 
values of 0 which are not in serious error the residuals will aU be small, 
whilst for values of 0 that are far from correct some or all of the 
residuals will be large. Thus, for instance, if 0,- is taken as zero every- 
where, Ri = hj(x,y)i. Our aim then is to reduce each R to a value 
which will be zero or very close to it. 
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Relaxation Operators. Consider again equation (3-18). If <i>s is 
altered by +1, then Rn is altered by +1, and similarly for unit altera- 
tions to <j)it, or If however <^is is altered by +1, then Ru is 
altered by —4. Note that this type of result is true for each of the 
equations like (3-18) centered at each of the various internal mesh 
points. We thus have a relaxation operator, that is, an operator by 
means of which the residual at any point can be systematically modi- 
fied. If the value of <j> at any internal point be altered by -j-1, the 
residual at that point is altered by —4; at the same time the residuals 
at each of the four surrounding points are altered by -1-1. Such a 
relaxation operator is independent of the particular point being con- 
sidered. 

Two Types of Operators. DiagramaticaUy the two types of opera- 
tors are as shown in Figures 3-4 and 3-5. From a consideration of 
the ori ginal or estimated ^’s at the five related points (Fig. 3-4) the 
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Fig. 3-4. EBsmuAi- Opebatob. Fig. 3-^5. Eblaxation Operator. 

(Ro = l<l>i + l0i + 1<^ + 1^4 — 4<^ — Ay) (Result on Residuals of A<^ = +1) 

residual at the central point is obtained. This residucH operator 
(Fig. 3-4) gives us the first residual at 0, i.e. Ro as l^i -}- 1<^2 + l<t >3 + 
1^4 — 4^0 — h^f(x,y)a which reduces to —h^ when the initial 0’s are 
taken to be zero. By altering the 0 at the central point 0 in Fig. 3-5 
(and each internal point is a central point for some particular group of 
five points) the residual at that point is modified, as also to a lesser 
extent (25 per cent) are the residuals at the four surrounding points. 
This operator. Fig. 3-5, is the relaxation operator. Figures 3-4 and 
3-5 therefore give the appropriate <f> multipliers and the resulting R 
effects. Obviously, in using the operators, superposition holds. 


Example, Fig. 3-6. 

solving the equation 


The Relaxation Pkocess 
By way of an example consider the problem of 


d^<t> ■ ay 
dx^ dy^ 


= f(^,y) 


(3-16) 
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Fia. 3-6. Mesh Stodt of 
Equation (3-16). 


for the square domain 0<a;<4;0<3/<4. The fimction f{x,y) is 
given, and shall here be taken as constant, say — 100. On the bound- 
ary let <j> be given as zero. The problem is 
as shown in Fig. 3-6. 

Let the square domain be subdivided into 
squares of side length ^ = 1, and let each 
node of the network be numbered as shown 
in the figure, numbered nodes being useful 
only for the purpose of discussion. The mesh 
is deliberately made coarse here, and in prac- 
tice would be spaced much finer. In carrying 
out the relaxation process it is convenient to 
draw the actual problem to scale on tracing 
paper which will withstand repeated erasure. The scale should be 
such that the spacing of the mesh is at least one inch. Increments 
of 4> are written on the left of the vertical mesh lines, and to the right 
are recorded the progressive totals of the residuals. 

First Estimate of <l>’s. For want of something better the initial 
guessed solution will be taken as ^ = 0 everywhere, so that each initial 
residual is of magnitude 100. Several consecutive steps in the relaxa- 
tion process are shown as steps 1 to 8 of Fig, 3-7. At each step, using 
the relaxation operator, the largest residual is reduced approximately to 
zero, symmetry being preserved. Since the boundary values of ^ are 
not to be altered, the residuals at the boundary points are not recorded. 
In each step * an asterisk has been placed before the added increment 
of 4> and behind each new residual. 

Convergence. Several points arise out of this problem that warrant 
consideration. In step (1) of Fig. 3-7 the total of all the residuals is 
900; in step (2), although the central residual has been completely 
liquidated, the total is stiU 900. This is a natural feature of this type 
of problem. From the relaxation operator it is obvious that the net 
change in the residuals, for a “displacement” of any point other than 
one adjacent to the boundary, is zero. The total of the residuals is, in 
fact, only reduced by pushing some of them “over the boundary.” Any 
other operation merely has the effect of “smearing” the residuals over a 
larger area than that originally occupied. This is obvious from step (3). 
Our aim then is always to move the residuals towards the boundary 


* As tike columns of figures grow it becomes necessary to erase them, and replace them 
by corrected figures; on the left of any vertical line this will be the total of all the incre- 
ments, on the right it will be merely the last number written down. 



100 «100 0 100 



Step 6 Step C Step 7 Step 

Fig. 3-7. Steps in the Relaxation Peocedurb. 

• An asterisk is placed before each increment of ^ and behind each new residual. 
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so that, finally, displacements of points adjacent to the boundary ’R'ill 
reduce their total. This is one factor limiting the speed of com-ergenee. 

It 'will also have been noticed that the residuals have a tendency to 
“wash back again”; compare, for instance, step (2) with step (6) 
which shows that the corner residuals have increased. This indicates 
that it would be advantageous to over-liq'uidate the residuals, actually 
changing their sign. Residuals washing back would then tend to be 
canceled out. The question how much to over-relax can only be 
answered by experience. 

Repeated Operations. One other point sugg(^sts itself. In steps (3), 
(4), (5) and (6), to a certain extent the same relaxation operation is 
being repeated four times. Corn'.-'poudi'ig points are being displaced 
by the same amount. Considerable time would be saved by the use of an 
operator by means of which all four points could be displaced simul- 
laneously. This introduces the concepts of line and block operators, 
and also the use of any lines of symmetry that might be inherent in 
the problem. 

Like and Block Relaxation Operators 

Consider the effect of the simultaneous displacement, each by the 
jaa-TTift amount, of two adjacent points. Obviously in the first instance 
t.liig may be obtained by writing down separately the effects of each 
displacement and then adding them together. Continuing the use of 
unit operators, the two-point relaxation operator is thus obtained, 



Fig. 3-11 Fig. 3-12 Fig. 3-13 


Fig. 3-8 to 3-11; Lmm Operatoes. Fig. 3-12 and 3-13; Block Opeeatoes. 

In the same manner are obtained the three, four and five point unit 
line operators given in Figures 3—9, 3—10 and 3—11. From them it is 
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possible to derive a Tv'orking principle whereby all such operators can 
be immediately written down by inspection: Follow Fig. 3-11. 

Ride for Writing Operators. AU points like a, having an alteration 
to the residual of —3, are conneded directly to three points that remain 
undisplaced, whilst dll points like b, having a residual alteration of —2, 
are conneded directly to two points that remain undisplaced. Of the 
points that do not move, at any one such point there is an alteration to the 
residual of +1 for each direct connedion from that point to a point that 
is being displaced. 

Examples of Block Operators. Equally simply, it is possible to con- 
struct relaxation operators in which groups of points are displaced si- 
multaneously and by the same amount. 

Figures 3-12 and 3-13 serve as ex- 
amples. 

As a final example Fig. 3-14 gives a 
large irregular unit block operator. Its 
correctness may be checked both by 
adding the separate effects of each 
point, and by ''counting strings.” In- 
spection of Fig. 3-14 shows the ad- 
vantage of such types of relaxation 
blocks; for whilst points on the botmd- 
ary of the block do experience altera- 
tions in the residuals, points inside the 
block suffer no change whatever. To a Block 

large extent then, judicious use of such 

blocks can prevent much of the "washing back” of residuals. As 
before, the total of all the residual changes caused by such blocks is 
zero. Their use is simply to push residuals out to the boundary as 
rapidly as possible and aid convergence. 

Consideration of the total residual change inside a block, and of the 
residual total of the points to be relaxed by means of the block, enables 
the magnitude of the block multiplier to be calculated. High accuracy 
in the multiplier is unnecessary. 

Lines of Ssmunetry. In many problems the regions concerned will 
exhibit one or more lines of symmetry, so that in solving for the im- 
knowns over the complete area there is unnecessary duplication of 
effort. Thus, since in the previous example of the square there is 
eight-fold symmetry, it is sufficient to find a solution inside the area 
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bounded by either a vertical or horizontal centerline, a diagonal, and 
the enclosing portion of the boundary (Fig. 3-22), with the remainder 
of the solution following by repetition. 

Techniques with Symmetry. No markedly new technique is in- 
volved in solving this latter type of problem. It is necessary merely 
to remember to preserve symmetry of displacement 
alteration each time a point adjacent to a line of 
symmetry is displaced. That is, such an opera- 
tion is accompanied by an automatically equal 
displacement of the cori-c^.'pfuiding point on the 
other side of the line of symmetry. As a result, 
a point on the line of symmetry will receive a 
change in its residual from both d:?placcm(;nf.<. 
Figure 3-15 will make this clear. Let C-C be a line of symmetry, 
and let the region A be that portion of the problem which is being 
solved. Suppose point a is displaced by -{-1; as a consequence so also 
is point o', although its displacement is not being recorded of course. 
Hence point h receives a residual alteration of -1-2, so that the relaxa- 
tion operator for points like a is that given in the figure. 


Fig. 3-15. Abjustino 
Relaxation Opekatob 
FOB Syumetrt. 
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Fig. 3-20 
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Fig. 3—21 


Fig. 3-16 to Fig. 3-19. Symmetrical Relaxation Operators. 

Fig, 3-20 and Fig. 3-21, Symmetrical Residual Operators for First Values of B. 

In similar manner Figures 3-16, 3-17, 3-18 and 3-19 are examples of 
other such operators. 

Similar considerations also hold for the residual operators. With 
a = h^fix,y), where fix,y) is the given function in equal ion (3-2) 
[i.e. = f (x,y)], the following operators are obtained. Fig. 3-20 and 

Fig; 3-21. 
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The Problem of the Square Reworked 

Using the foregoing ideas the problem pre\*iously introduced now 
becomes trivial although in practice problems are rarely so simple 
as this. The solution which makes use of the steps of Fig. 3-22 
follows: 



Step 1 Step 2 Step 3 

0 = 0, 5 = 100 +25 at 13 Block of 20 

at 12 and 13 



Step 4 Step 5 Step 6 

Block of 70 Block of —1 Block of —I 

at all Points at 12 and 13 at all Points 

Fig. 3-22. Six Steps in the Use op Block Opebatoes. 

Note that the square has been renumbered in Fig. 3-22. Point 1 is 
the poiut 13 of Fig. 3-6, point 2 corresponds to 12, and point 3 corre- 
sponds to point 7 of Fig. 3-6. 

St&p (1) Starting solution is ^ = 0 everywhere, so that the residuals 
are all 100. 

Step (2) A displacement of 25 on the central point 1 (which is 13 of 
the square of Fig. 3-6) gives a resultant residual there of zero. 

Step (3) Put a block of 20 on points 1 and 2. Note that a complete 
block on all points, i.e., 1, 2, and 3, would have tended to over-relax 
point 3 and \ander-relax point 2. It is better therefore to relax only 
partially point 2 and so obtain a better distribution of residuals at 
points 2 and 3. These may then be handled by another block. 

Step (4) A block of 70 on all points. 

Step (6) A block of —1 on points 1 and 2. The reason is essen- 
tially the same as that in Step 3. 

Step (6) A block of —1 on all points. 
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The complete solution then follows as in Fig. 3-23. 




Fig. 3-23. Final Nitmbsical Solution — Psoblbm or Fig. 3-6. 


CUBVED BoXJNDAEIES 

In many of the boundary value problems encountered in practice 
the boundaries are curved, so that, adjacent to the boundary the fore- 
going treatment is incorrect.' Let Fig. 3-24 
represent one such problem. 

Correcting the Operator. On covering 
the region with a square mesh, points like 
that marked 0 occur, that is, points in which 
one or more of the associated arms 01 , 02 , 
03, or 04, is less than the standard length h. 
For such points the standard unit operators 
are incorrect, and it becomes necessary to 
develop special operators. 

Consider the polyuorniiil 

</) = ^0 + Oia: + 022/ + + aay (3-19) 

Thus, at the point 0 (x = 0 , i/ = 0), we have 



Fig. 3-24. Curved Bound- 
ary Problem. 



(3-20) 


Then, referring to Fig. 3-24, substituting the jrr(‘g\iliir arms hi and hz 
and solving for Os and 04 we find that 



— <^o) + hi(4>s — <f>o) 
hhiQi hi) 

(3-21) 

h(<l)2 — ^0) + hi{<j>4, — 4^0) 
hhiQi -t- Aj) 

C3-22) 


and 
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so that (V-<^»)o may be written as 

, 2^,2 , 2 2 

+ TTZ — % ^ ^ 7 r~< ^ ^2 + 77-r — c 4 >* 

aiU + oci) (.1 + ai) o'a'.l -r (1 + ««) 

<^0 (3-23) 

\ai ao/ 

where ai = hi/h, ao = h^/h. Hence for 0 < a < 1 we have 

h~(y~<l>)o — A<f)i + B4>2 + C<f>z + D<j>i — {E + F)^o (3—24) 

where the values of A, • • F may be calculated and tabulated * once 
and for all. 

Revised Residtxal Operator. This finite difference equivalent for 
the harmonic operator may then be used in precisely the same manner 
as the standard (—4, 1 , 1 , 1 , 1 ) operator. Equations like (3-17) 
become 

A<j>i 4“ B(j )2 4“ C<j>z 4“ B<j)i — (E 4~ E)^o — ^y(O) = Bo 

so that, diagrammatically, for an irregular star centered at point Oo, 
the residual operator is as in Fig. 3-25, where the numbers Aa, • • •, Fa, 
will all be known. 



Fia. 3-25 Fig. 3-26 Fig. 3-27 

Fig. 3-25. Residual Opbratob. 

Fig. 3-26 and Fig. 3-27. Relaxation Operatobs Neab a Cubved Botindabt. 


Revised Relaxation Operators. The relaxation operator is, however, 
a little more tricky. Thus, if a unit displacement is made to the <t> at 
point Oo, i.e., to (j>o, the residual there is altered by —(Ea + Fa). At 
the sfluoft time the stars centered at points Os and 04 (Fig. 3-26), being 
ordinary stars, each receive an alteration to their residual of 4-1. No 
residuals are recorded at the boundary poiats Oi and 02 . The relaxa- 
tion operator for point Oo is, accordingly, as given in Fig. 3-26. 

In like manner, the relaxation operator may be constructed for the 
star centered at point 04 . Since a unit alteration made to the value 
of <f> at point 04, i.e., will alter the residual at point oo by amount 

* These are available in reference 3, p. 65. 
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Da the operator is as in Fig. 3 - 27 . Xote however that to obtain the 
relaxation operator for point 03 of the ao star (which is also point bi 
for the star centered at feo) requires the evaluation of the residual 
operator for the star centered at point bo. This follows since a unit 
alteration to the value of <j> at point 03 will alter the residual at point 
bo by amount Di. At the same time, of course, the residual at point 
Go is altered by amount C<,. Given the bo residual o^rator also, then 
the relaxation operator for point 03 (or bi) may be vTitten down in the 
same manner as for point 04. 

TTith ail these irregular stars evaluated for a particular problem, the 
relaxation process may then be carried out in the manner already 
described. The presence of the irregular stars adds a little to the 
labor but nothing to the complexity of the method, and a little prac- 
tice makes their use automatic. 

Other Auxiliary Devices. The foregoing covers the mam features 
of the relaxation process; however other de\ices that are used include 
the following; 

Nondimensioml Equations. In virtue of the numerical answers 
obtained, it is possible to solve only one particular problem at a time. 
Some generalization is possible, however (reference 4 ). “The gov- 
erning equations, as so far treated, are dimensional in that x and y 
are coordinates measured in some particular units. By choosing some 
representative dimension, L say, and using the dimensional relations 

x= tL, y = 7]L, ■ - • 

the differential equation may be made nondimensional. The solution 
then found will apply to all regions of a particular shape and associated 
with a similar function /(a:, y) [e.g., from V^(f> = f(x,y)], without restric- 
tion on the size, or on the absolute magnitude of the function.” 

Finer Nets. It is possible to use different mesh sizes in different 
parts of the samp, problem. In this way attention may be concen- 
trated on certain local areas of the problem. For more information 
on the above points see the papers mentioned in the reference list. 
Also see Chapter 4 . 

Remarks on Other Boundary Value Problems. ‘Whilst the foregoing 
discussion has dealt fairly exhaustively with the harmonic operator, 
for. other types of problems special devices have been developed. 
Thus, for eigenvalue problems “optimal synthesis” is very helpful. 
In some of the problems involving the biharmonic operator a “45 line ” 
technique assists convergence, and for the same class of problems 
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additional difficulties arise in the satisfaction of the boundary condi- 
tions. These points caimot be discussed here; however, reasonably 
complete details are available in the relevant papers. 

Poisson’s Equation. It is ob\-ious that the general techniques 
already discussed will carry over with little if any modification to 
other classes of problems. By a simple alteration all of our remarks 
apply directly to Poisson’s equation (3-2), for it merely requires the 
deletion of the term h-f(x,y) from the residual operator. 

Varying Operators. For problems of the type covered by equa- 
tion (3-3), since the finite difference equation contains a term involving 
1/r, it is obvious that the operators will vary from row to row, but 
for any one row (r = constant) they will be constant. It will be found 
however that block operators can still be constructed in an automatic 
manner. On the center line, r = 0, ^ is usually prescribed, so that 
the possible difficulty arising from the 1/r term does not occur. 

Biharmonic Operator. For equations involving the biharmonic 
operator, it is seen from equation (3-15) that the finite difference 
operator involve thirteen points. As such the problems are rather 
more difficult to relax. Block operators, and these are practically 
essential for obtaining solutions m finite time, cannot be written down 
by inspection, but must be built up as needed. 
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CHAPTER 4 


THE QUEST FOR ACCURACY IN COMPUTATIONS 
USING FINITE DIFFERENCES 

R. Y. Southwell * 


Perspective View of Relaxation Procedures. Ten years in wMcli 
all my spare time has been given to the development of Relaxation 
[Methods** *** have yielded more than a list of problems solved; they 
have also afforded opportunities for observ^ation of the differing modes 
of approach to computation which may be said to characterize mathe- 
maticians and engineers. I do not mean that no one whose tr a i ni ng 
been mathematical has, in regard to relaxation methods, preference 
for what I term the ^^engineer’s approach^^- or vice versa. But broadly 
sneaking a training in mathematics seems to induce a liking for com- 
putation performed in accordance with fixed rules, and hence a tend- 
ency to look on the relaxational technique as iterative; whereas the 
engineer — in relaxation as in the workshop process of ^^hand- 
scraping with which it has noteworthy similarity — seeks to retain 
the fullest measure of initiative, to place a premium on intuition**'*' 
I think there can be no doubt of the existence of two divergent points 
of view. 

Let me say at once that, far from desiring uniformity, I find this 
divei^ence stimulating and desirable. It shows, as I like to think, 
that relaxation methods “have come to stay,’’ — since otherwise men 
would not have strong views regarding the proper lines of their de- 
velopment; and it is good since it obliges both sides to examine the 

* Sector, Imperial Collie, London, England. 

♦♦An abbreviation of the original (1935) title ** Method of Systematic Eelaxation of 
CJonstraints.” 

*** I cannot improve on the words of Professor Emmons: — “In fact, for the computer 
(as opposed to those who think only about the logic behind the computation methods) the 
relaxation method has a spirit lacking entirely from the iteration process. The former 
challenges one's intellect at each step to make the best possible guess, while the latter 
reduces one to the status of an automatic computing machine (without the advantage of 
no computational errors). It should not be iniferred that the relaxation method requires 
high intellectual powers. If changes are chosen in a specifiable way, it reduces exactly to 
the iteration process. The computer can then vary from this completely specified process 
by whatever amount fits his own skilL” (Qmrterly of Applied Mathematics, Oct. 1944.) 

66 



67 


ACCUEACY USING FINITE DIFFERENCES 

grounds of their opinions. I make no claim to be myself impartial, for 
all of my own thinking has been along what I describe as “ or. gineerir.g ” 
lines; but already I owe much to what I here term “ mflt beTnflti ciflns ,” 
and I expect to become still deeper in their debt as time goes on. 

Finer Mesh vs. an “Improved” Finite Difference Approximation. 
There is another category of “relaxationists,” — men whose mflin in- 
terest is to bring aU processes of computation within range of some 
type of machine. I say nothing about them in this paper, which is 
confined to one particular field wherein the divergent modes of ap- 
proach have been revealed : namely, the qwest for higher accuracy in 
methods which, as an initial step, siibstitute a finite difierence approxima- 
tion for the exact (partial dljcrf-.hHuT} equation which governs the “wanted 
function” of a problem. 

Consider, for example, Poisson’s equation in two independent vari- 
ables, namely, 

^ ^ + z(^>y) = 0 (4-1) 


in which z and y are the independent variables, w is the “wanted 
function,” and Z is some specified function of x and y. The simplest 
finite difference approximation to equation (4-1), normally used to 
compute tiJ-values at nodes of a square-mesh net .2 

of mesh-side a, is 

Wi Wi + Wz + Wi — 4wo + a^Zo = 0 (4r-2) o 

3 * 1 a •! 

The suffixes 0, 1, 2, 3 and 4 relate to five typical 
points arranged as shown in Fig. 4-1. Both parties 
admit that the approximation of (4-2) to (4^1) ;; 

becomes closer as the mesh-side o is reduced. Fiq. 4 r - i . Points 

But the “engineer’s” reaction is to concentrate on fob Usb 

findiTig means of rapid advance to a finer net,” 
whereas those whom I have described as mathematicians seem to 
prefer an alternative means to closer approximation: namely, instead 
of cniploj-itig a finer net (which entails more labor) to use an “im- 
proved” upproxinialion in the finite differences, — by which is meant 
a relation differing from (4-^) by the inclusion of more nodal values. 

The case for tto “mathematician’s” line of approach has been ably 
presented in a recent paper by L. Fox (reference 1) . Having remarked 
that equation (4-2) above in effect neglects a quantity which strictly 
speaking ought to appear on its right-hand side, he states three dis- 
advantages of the engineer’s alternative (namely, approach by stipes 
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to an interval o so small that the nc-dertel terms are in fact negli^ble) : 
“First, a very great number of points have often to be taken in the 
relaxation process to ensure the vanishing of the difference correction, 
and the diScuIiy and labour of detaining an accurate solution to the 
simultaneous equations increases rapidly with the number of equa- 
tions involved. Secondlj', derivatives of the computed function are 
often required in practical problems, and equations like (1) and (2) * 
show that the nth derivative depends for its accuracy on the nth dif- 
ference, which gets small with the interval of tabulation. Thirdly, the 
criterion used initially for the legitimacy of neglect of difference cor- 
rections — namely, that relaxation on successive meshes gives the 
same result — has tended to be ignored in later applications.” 

Accelerating Convergence. Of these contentions the third must be 
admitted as true in fact, though the criterion is valid and could have 
been applied at any time; our energies have been devoted to extension 
of the range of relaxation methods, and when it was evident that 
attainment of closer accuracy was a matter merely of increased time 
and labor we have usually turned to other pioneering work. But in 
regard to the first and second, less apology is needed for the “engineer’s 
approach.” Admitting that the laW of solution must increase “with 
the number of equations involved” (ox, as we prefer to say, with the 
fineness of the “ultimate net”), he may claim that the rapidity of this 
increase need not be prohibitive if, by exercise of ;r;gi'r‘.!:i!y, special 
devices are employed to treat particular problems. 

One such device has general application: the use of graded nets 
(reference 4, § 92 and § 93) to investigate fine detail in places where 
the wanted ftmction varies rapidly. Another will now be given for 
the first timfi : a process of successive approximation for the solution 
of biharmonie problems (for example, fiat plates). 

Successive Approximation in Biharmonie Problems. The typical 
biharmonie equation is 

V% = Z(x,v) (Ar-Z) 

Z standing as before for some specified function of x and y, and V* 
denoting the operator d^/dx^ + d^/dy^ which appeared in equation 
(4r-l). To determine the solution of equation (4r-3) we require a 
double boundary condition: that is, at every point on the boundary 
either w and its normal gradient may be specified (as is usual), or w 

* These equation numbers are those of reference 1. The equations are given later with 
the numbers (4r-9) and (4-10)* 
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and YV may be specified (as in the problem of flexure for a plate hav- 
ing “simply supported” edges). 

The second of these cases is much the simpler, as was remarked in 
reference 2, § 1. For if 

W -{- Vho = 0 (4r4) 

then equation (4r-3) can be written in the form 

VW -1- Z{x,y) = 0 (4-5) 

from which W, when its value is specified at every point on the boundary, 
can be found by an application of the “plane-harmonic” relaxational 
technique; and knowing TF we can deduce w from equation (4-4) — 
boundary values of w being specified — by another application of the 
same technique. 

Technique with Boimdary Values of lo. The case is harder whenever 
w and its normal gradient have specified values on its boundary; then 
the more complieated “biharmonic technique” must be employed, and 
serious labor is entailed by the employment of an adequately fine net. 
But here (it may be contended by those who prefer the “engineer’s 
approach”) is the place at which to introduce a special device; and the 
f-’llov.lrig seems to satisfy requirements: 

(1) Using a coarse net as suggc.'^ted by Fox, but retaining the simplest 
form of the finite difference approximation (which Fox would desire to 
replace), use one or other standard form of the biharmonic technique 
to obtain a “first solution” to equation (4-3), and from this deduce 
boundary values of Vhv. 

(2) Adopting these botmdary values of V®ip= —Z, on a fine net use 
the simpler plane-harmonic technique, first to solve equation (4-5) and 
so find W everywhere, then to find w as the solution (it may be termed 
the “second solution”) of equation (4r4), 

(3) From w according to the “second solution” (say, wf) compute 
the gradient of at points where “strings” cut the boundary, also 
V*ic 2 and V %2 at nodal points in the field of integration, and hence 
Z 2 (x, y) as defined by 

V ^2 = Z 2 {x,y) (4r-6) 

Then, if Z^ be deemed a sufficiently close approximation to the specified 
function Z in equation (4r-5), and if the gradients of be deemed 
sufficiently close to the specified gradients of w, the problem may be 
regarded as solved. If not, continue as follows: 
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(4) Subtract equation (4-6) from (4-3) to obtain 

Vhc’ = Z'(x,y) (4r-7) 

where 

u-' = I /4_g) 

Z'(x,y) = Zix,y)-Z,ix,y)‘j 

and evaluate the boundarj' gradients of w' (which has a zero value at 
every point on the boundary). Then the problem remains of comput- 
ing the supplementary displacement w', which is governed by equa- 
tion (4-7) and of which the boundary values and gradients (along 
with Z') are specified. This problem is thus similar in kind to that 
with wlfich we started, but it needs less exact treatment because Z'(x,y) — 
being an “error” — is small in relation to Z{x,y), also ic' = 0 on the 
boundary and its boundary gradient — being also an “error” — is 
eveiywhere small. 

The essence of the foregoing de\’ice is its reduction of a biharmonic 
to a plane-harmonic problem which (being much simpler) can without 
excessive labor be treated on a much finer net. The case for it (from the 
“engineer’s standpoint” adopted here) is that no firm ground for cer- 
tainty of mfiudent accuracy exists except a conviction {admittedly intuitive) 
that the ^‘ultimate net” is fine enough to render negligible the difference 
between the ‘‘net” and the “membrane analogue” (reference 4, §36 to 
§38). 

Lstvtestigatton op Appeoximations 

Basic Assumptions in the Calculus of Finite Differences. We turn 
now to the second of Fox’s three contentions (reference 1, § 2), that 
equations like his equations (1) and (2), viz — *. 

hf, = - iS'f' (^9) 

b-Jo = K' — + ‘s'lrSo* — • • • (4-10) 

— “show that the »th derivative depends for its accuracy on the nth 
difference, which gets small with the interval of tabulation.” The 
italics have been inserted because my purpose is to question an as- 
sumption which is fundamental to that argument. 

That assumption is the basis of the calculus of finite differences: 
that the “wanted” (and hence unknown) function of a problem can 
be approximately represented by a polynomial, and that the approximch 
tion improves with the order of the polynomial. As applied to tabulation 
of the mathematical ftmetions (a field with which some part of Fox’s 

* Here is the nth central difference of f(x) at x —0. 
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paper deals) the assumption is often justified ab initio because the 
nature (as distinct from the numerical values) of the fimction is known 
throughout the range. But when no such knowledge exists (and this 
is normally the fact in plane-harmonic problems — to say nothing of 
more difficult problems to which relaxation methods have been applied) 
I maintain that the polynomial assumption is open to question, and vnth 
it many accepted formulas in the calculus of finite diferenccs. 

Illustrative Examples. Here are two examples which at least malrfi 
this contention plausible. The first is an example of nolj'nonnal repre- 
sentation, the second an example of numerical ir.icgraticn. Both 
indicate that incorrect conclusions may result from the assumption 
that the approximation improves with the order of the polj-nomial. 

Example 1. The function 

y = 

1 -f- aJ 

has values as below within the range —1 < a; <4: 


X == 1 — 1 

0 

1 

2 

3 

4 

y = 0.5 

1.0 

0.5 

0.2 

0.1 

tV 


Making the polynomial assumption, and successively increasing the 
so-called “order of approximation,” we represent y in turn by 

= 1 - 0.5a:** (4r-12o) 

which gives y its correct values for re =+ 1 and 0; by 

2/2 = 1- 0.2a: - 0.5a:** -1- 0.2a:« (4^125) 

which gives y its correct values for x = ± 1, 0 and 2; and by 

ys = l- 0.3x - 0.45x** -f- 0.3a:*> - 0.05a:* (4^12c) 

which ^ves y its correct values for x = + 1, 0, 2 and 3. The curves of 
y and of its polynomial approximations yi, y^, yz are shown in Fig. 4r-2, 
and while yz and yz are almost indistinguishablo from y in the ranges 
0 < X < 1 and 1 < x < 2 respectively, it will be seen that in the range 
—l<x<0the approximation of y\, yz, yz to y decreases in that order, 
that is, as the order of the representing polynomial is increased. 

In particular the values for (x = 0) of the first and higher deriva- 
tives of y deserve attention. The correct values are 

(y% =>0 .(^'Oo 2 (2/"0o = 0 
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whereas accorclins; to expr£->':cr.> (4-12, a, b and c) 

iy[)o = 0 (yno = -i (yi% = 0 

(y’^'h = -0.2 (y^'h = -1 (i/a'Oo = 1.2 

(yz)o = -0.3 (yn% = -0.9 (yHo = 1-8 

Thus only the first approximation gives yi and y'o" correctly; and all 

three approximations underestimate by 50 per cent. 



Fig. 4-2. Our^b of y = 1/(1 -{> of Thbee Approximations 

OF Different Orders. 


Example 2. The value of the definite integral 



dx 

1 +a;" 


is 4[tan-i a:]J = t = 3.14159265 • • • 


To compute the integral by the calculus of finite differences, we divide 
the range 0 < a: < 1 into any number of equal parts (or intervals) and 
we employ a formula of approximate inlegration based on some 
polynomial representation of the integrand. A different formula 
corresponds with each different order of polynomial, and if the accuracy 
of the representation increased with the order of the poljTioinial, so 
also would the accuracy of the numerical integration. But (as 
remarked by Kajinan and Biot in reference 3, § 9) the “four-strip 
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formula of mtegratiou” (which implies representation, of the integrand 
by a pohmomial of the fourth order) ^ves to the integral the value 
3.14212; whereas “Simpson’s rule” (which implies representation by a 
distinct quadratic for each pair of intervals, and hence by two different 
quadratics in the range considered) gives to the integral the more 
accurate value 3.14157. 

Deductions. The deduction to be drawn from these examples seems 
to be, that increased accuracy does not necessarily accompany an in- 
creased order of the polynomial used to represent a function. It cuts 
across more than Fox’s argument, for almost all of the calculus of 
finite differences rests on the “polynomial assumption”; yet I think 
it is not really paradoxical, considering the criterion that has been 
employed to assess the “error” of a representation. This is ike order 
of the lowest derivative in the error expressed as a Taylor series. 

Does not the adoption of this criterion amount to an assumption 
that the Taylor series is convergent Ijiroughcut the whole range of 
the polynomial representation? And is it not unsafe (in general) to 
make the assumption — and even less safe to base on it a judgment 
of computed values? Of course, once polynomial representation 
is accepted, its consequences (which include such judgments) must be 
accepted too. But what are the grotmds of acceptance? I find no 
more than this in Whittaker and Robinson (reference 5, § 8): “The 
problem of finding a ‘smooth’ curve to pass through the points A, B, 
C, D, . . . has not a unique solution; in fact an infinite number of 
curves satisfying these conditions can be foimd. As our aim is a prac- 
tical one, we naturaRy choose the simplest solution of our problem. Re- 
membering that the simplest functions are polynomials, we enquire . . . 
etc.” (The italics have been added.) 

Necessity for Employment of Fine Nets. As I believe, the con- 
clusion to be drawn from the examples given is that accuracy is not 
predictable of quantities computed from a finite difference approximation 
unless the interval is small enoicgh to justify belief in the convergence of 
the Taylor series; that in general the radius of convergence, though it 
exceeds one or two of the smallest intervals that are praclic-ablc, will 
not exceed many such intervals ; and that consequently what have been 
claimed as closer approximations may in fact be less accurate. This is 
a justification of the “engineer’s approach,” in which the only basis 
of acceptance is a belief that fine enough intervals, or “nets,” have 
been employed; and it is not pomnssibl(^ to oppose to it examples in 
which use of a hi gher order polynomial leads to more accurate results, 
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if in those examples the wanted quantities are functions in regard to 
which convergen^'e of the Taylor series is predictable. 

Another point may be made in passing. Although their accuracy 
is sufficient, results computed on a coarse net may fail to provide the 
detail which is needed for an accurate construction of contours. It is 
only in ccc.jtru -tiug contours (a process which entails plotting of the 
wanted quantity on lines parallel to x or y) that a sound — though 
intuitive — assessment of convergence can be made. 

Conclusion. To s umma rize the contentions of this chapter: Any 
approximation in finite differences to a differential equation in one or 
more independent variables must entail an error which depends 
(1) upon the order of the differences, (2) upon the smallness of the 
interx'als. In seeking to reduce this error, workers in the field of 
computation adopt (speaking generally) a different standpoint accord- 
ing as their approach is what I term “mathematicaT’ or '‘engineering”: 

(а) the “ma thema tician” tends to look for better approximation to 
a use of formulas containing differences of higher order; whereas (6) the 
“engineer” sees only one safe route to close approximation — namely, 
emplojinent of sufficiently small intervals. 

I have myself the “engineering” outlook (6), and in this discussion 
I defend it on the ground that (a) rests on an underlying assumption 
(the validity of “polynomial representation”) which itself is open to 
doubt unless the interval is small. Examples in support of this con- 
tention are ^ven, and the deductions to be drawn from them are dis- 
cussed. I conclude that only by adopting small intervals can the 
computer have real confidence in his result; and I illustrate an al- 
ternative approach to the problem of saving labor, by one device which 
facilitates “advance to a finer net”. 
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CHAPTEE 5 


A NEW APPROACH TO THE NUMERICAL SOLUTION 
OF LAPLACE’S EQUATION* 

M. M. Feocht** 


Synopsis. This paper deals with certain simplifications in the nu- 
merical solution of Laplace’s Equation 


d^U 
dx^ dy^ 


(5-1) 


which markedly reduce the time and labor required to attain approxi- 
mate convergence. The new approach consists of a simple and rapid 
method for the determination of good initial values which are equally 
useful in the method of iteration and in the method of relaxation. In 
many cases the initial values are sufficiently good to provide an ciT)proxi- 
mate solution in themselves, without further improvement. The pro- 
cedure depends upon known boundary vahies. 

The method for obtaining the initial interior values consists of draw- 
ing several straight lines through the point at which the value of the 
harmonic fimction is required, these lines extending in opposite direc- 
tions to the nearest boundaries and forming a rosette. Each line is 
viewed as a taut string passing above or below the given point and hav- 
ing a slope determined by the known values of the fimction at the two 
points of intersection of the straight line with the boundary. The 
ordinate under each string at the point in question is determined 
graphically and the arithmetic mean of all these ordinates in the 
rosette is taken as the initial value at the given point. The method 
described is called the Linear Rosette Method. 

By combining the method of linear rosettes with the expressions for 
the key values in rectangles, an extremely rapid procedure is available 
for the determination of the values of the harmonic function not only 


* This discussion is based on Chapter 8 of the author's FhotoelasticUy (Wiley, 1948), 
Vol. II, The figures in this chapter are reproduced with the permission of the publishers. 
For a general discussion of modem iteration methods the reader is referred to Chapters 8 
and 9 of this book. 

** Research Professor of Mechanics, Illinois Institute of Technology. 
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at isolated points, but also along complete sections. The method is 
illustrated with numerical examples taken from stress analysis by 
means of pho: i ’>y. 


IXTRODUCTION 

Basic Equations in Iteration and Relaxation. The place of Laplace^s 
equation in tirs-hnolcgy is well known. It enters into problems of 
heat transfer, electrical potential, deflections of membranes, stress 
analysis, etc. Numerical methods have been found to be the most 
effective for the solution of Laplace^s equation for given boundary 
values of a general harmonic function Uix^y). 

One of the effective procedures in the numerical solution is the so- 
called iterative process. The basic equation in this process is the four- 
point influence equation * 

/ 1 , 1 \ Ug I 1 u^ I Ud f 

\ac M) a{a + c) h{b + d) c{c + o) d{d + 6) 

in which a, b, c, and d are as shown in 
Fig. 5-1. For equally spaced points 
equation (5-2) reduces to the Liebnaann 
formula 

4 .U 0 = Ua ~i~ Ui -jr Uc "i" Ud (5-3) 

In the method .of relaxation the Liebmann 
equation is written as 

Ua + Ub Ue -{• Ud — 4w<, = Q (5-4) 

in which Q is spoken of as the residvoL at 
the point considered. 

Both iteration and relaxation employ processes of successive improve- 
ment of arbitrary initial values. In this paper it is assumed that the 
reader is familiar with these methods. 

Considerable progress has been made in recent years in reducing the 
time and labor required to obtain a numerical solution by the iterative 
processes. This progress is due in the main to the development of 
special expressions for key values for simple rectangles, the employ- 
ment of these key values in block iteration, and the introduction of 
the method of differences.** However, little attention has been paid 

* For a derivaUon of this equaticm see the author’s Photoelaatidty (Wiley, 1948), VoL II, 
p. 289* 

** Ibid,, p. 276; or G. H. Shortley and R. Weller, “The Numerical Solution of Laplace’s 
Equation,” J, App. Phys., 9, 334 (1938). 



Fig. 


5-1. Designation of 
Points. 
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to the initial values, and both the iterative and relaxation processes 
generally start with arbitrary initial values, usually zeros. 

New Approach. It has long been the writer’s belief that further 
savings in labor in the numerical solution of Laplace’s equation can be 
affected by judiciously choosing the initial values, and in 1940, the 
author jointly with M. M. Leven published a method for the determi- 
nation of such initial values. This method was based on equation 
(5—2) and involved the determination of the average ordinate of an 
area surrotmding a point.* 

The present paper is a further attempt at a rational approach to the 
numerical solution of Laplace’s equation. A new and much simpler 
procedure is proposed for the initial values, which gives remarkably 
good approximations at critical points. By combining the proposed 
method with a simple expression for the key value in a (4 X 4) square, 
some rather interesting results can be obtained for sections of sym- 
metry such as might occur in tension bars with circular holes or grooves. 

Definition of Key Values. Let TJ denote a plane harmonic function 
defined for a region R by its values on the boundary T. A set of 
interior values of XJ so located in the region R to which the function L 
applies that, from these values, the values of 17 at aU other networl 
points can be calculated by the liebmann or four-point formulaj 

32 


ai 


applied either normally or diagonally, is defined as a set of key values. 
Am interior, or unknown, value will always be denoted by u with a 
suitable subscript relating it to a given point. Known boundary 
values will be denoted by a, 6, c, • • •, etc. In a square (3 X 3) Fig. 6-2, 
any one of the four interior values Mi, mj, ms, m^, is a key value for the 

* “A Rational Approaoli to the Numerical Solution of Laplace’s Equation,” J. App. 
PEyA, 12, 696--604 (August, 1941). 
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Fig. 5-2. 3X3 Squabb. 
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whole re^on. Thus, if ui be known, w? can be found from the diagonal 
neighbors and w-, Ui, from the normal neighbors. 

Similarly in a rectangle (4 X 3), Fig. 5-3, either Ui or Ui, is a key 
value for the whole region. Thus if ui be known, Ms ^Jid mj can be 
found from diagonal neighbors and Uz, u^, ue from normal neighbors. 
A. similar condition exists in a (4 X 4) square. Fig. o-4, in which Ui, 
the value at the center of the square, defines the remainmg eight in- 
terior values. Four of these values, Mj, Ms, Ui, Ui, are found from diag- 
onal neighbors, and the remaining four from normal neighbors. In 
all three cases, one key value is sufficient to obtain a complete numeri- 
cal solution of Laplace’s equation. 



Fig. 5-3. 4X3 Rectangle. Fig. 5-4. 4X4 Squaeb. 


Sey Value for a (4 X 4) Square, Fig. 6-4. The simplest procedure 
to obtain an expression for the key value in a (4X4) square is to 
express mi in terms of M 2 , M 3 , M 4 , and Ms, and then to express these 
quantities in terms of mi. Using equation (5-3) we obtain the follow- 


ing five expressions: 

4mi = M 2 + lis + Mi -f Ms (a) 

4m 2 = Ml -H ai + Cl -f- <52 (5) 

4it3 = Ml -f <*2 + C 2 + Ca (c) > (5-5) 

4Mi = Ml -f as -H C 3 -I- Ci (d) 

4M5 = Ml -f- Mi -f Ci -f Cl (c) ^ 


Upon solution these yield 

6mi = 0.5 2ai+2<=‘- 

i-i 


Initial Values by the Linear Rosette Method. The values of V 
define a free surface under uniform tension which may be rou^y 
approximated by assuming threads or strings to pass over the given 
point in different directions to the terminal values on the boundary. 
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These threads may he thought of as fixed at one end and under constant 
tension at the other. Each thread is in general raised or lowered by an 
intersecting one. Ultimately they concur at one point, the height of which 
above the datum plane is, as a first ap- 
proximation, equal to the arithmetic mean 
of the heights of all the strings passing 
over that point. Referring to Fig. 5-5(a), 

(uo)i is one linear approximation to Uo 
from the string A-A', corresponding to 
the boimdary values Ua and Ua-, at points 
A and A' respectively. Such linear 
values can be found graphically in a 
few minutes, and they will always be 
of great help. The graphical evalua- 
tion of ini tial values is somewhat facili- 
tated by lajdng off the end values Ua. and 
u^. from a fixed base line on a piece of 
transparent graph paper, Fig. 5-5(5). 

This method of determining initial 
values will be referred to as the linear 
rosette method. The number of lines 
in the rosette will depend on the man- 
ner in which the boundary values vary . fig. 5-5. Sthing fbou Bound- 

The sharper this variation, the greater ^7 Botjndakt 

should be the number of fines or strmgs. apphoxhiation op lv 
Example. As an illustration of the 
significance of initial values and of the rosette method we will solve 
the problem of the (3 X 3) square shown in Fig. 5-2. Using an equi- 
angular rosette and boundary values from Fig. 5—6, we find (mi)o == 24.5 
or roughly 24. From diagonal values we obtain 

(« 2 )o = i(16 -b 48 + 72 + 24) = 40 

Using normal points we have 

(t^s)o == i(16 -b 24 -f- 40) = 20 

and 

(«4)o = J(40 -b 72 -b 64 -b 24) = 50 
These are our initial values. One traverse gives 

Ml = 25.5, Ms = 41.5, Ms = 20.75, M 4 = 50.75 
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and the next \ ^ves 

Ml = 25.9, Ml = 41.9, Ms = 20.95, Ui — 50.95 



Fig. 5 - 6 . Sketch op an Equiangulae Linear Rosette fob the 
Evaluation op Ui . 

It can be shown that in order to arrive at essentially the same values 
from initial zero values it would require five traverses. We have thus 
accomplished ia two traverses essentially the same results which were 
pretiously accomplished in five. 


Application to Photoelasticity 


Laplace’s Equation in Two-Dimensional Photoelasticity. Photo- 
elasticians are interested in Laplace’s equation because it fumishee 
an effective method of determining the sums of the principal stresses 
at a point in two-dimensional problems from direct photoelastic data. 
Thus, it is well known that in two-dimensional problems the sum 2 
of the principal stresses -p and 3 satisfies Laplace’s equation, that is. 


where 


dy^ 

S = p + 3 


(a) 


(5-7) 


( 5 ) 


It may be assumed that it is possible to obtain pholoolastic stress pat- 
terns which yield boundary values of S of high accuracy. Hence, by 
Dirichlet’s theorem the values of 2 are uniquely determined at every 
interior point of the stressed two-dimensional mo del . 

The Linear Rosette and the Lateral Extensometer. In photo- 
elasticity it is often necessary to find the sum. of the principal stresses 
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at an isolated point. The sum is then combined with the difference 
of the principal stresses, which is given by the photoelastic patterns, to 
determine the principal stresses themselves. 

One of the basic methods to determine the sum of the principal 
stresses (p + s) rests on the equation 

S=-«Se^ . (5-8) 

in which 8 is the lateral deformation, ju is Poisson’s ratio, E is the modu- 
lus of elasticity and i is the thickness of the model. Prom the meas- 



med deformation 5 and the known values of n, E, and i, the; sum 
(p + q) can be calculated. The instruments used to measure 8 are 
Imown as lateral extensometers. These are precision instruments and 
must be capable of measuring quantities of the order of magnitude of 
0.000001 in. 

When a good lateral extensometer is not readily available, the linear 
rosette may be used as an approximate substitute. Experience shows 
that it generally yields good approximations, as can be seen from 
Fig. 5-7. The true values of (p + g) obtained by iteration (har- 




Fig. Phoei^tic Fattebn fbom which the BoimDAKY Values of 

Fig. 5-7 Week Obtaineb. 
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monized values) are 5510 and 3175 at A and B respectively. The cor- 
responding values from the rosettes are 5385 and 3700. Figure 5-8 
shows the stress pattern from which the boundary values were taken. 



Fig. 5-9. Drawing Showing the Application op the Linear Rosette in Combina- 
tion WITH Eq. 5-6 for a (4 X 4) Square to the Rapid Evaluation or Approximate 
Principal Stresses in a Bar w i t h a Hole in Tension. 

Results for the section of symmetry 5—5 are given by curve I, and for section Ti—T% 
by curve III. The harmoniz^ values may be viewed as the limilang or convergent values 
obtained by iteration. 

Near a source of stress concentration the type of rosette shown, in 
which the limiting strings in the rosette are tangent to the discon- 
tmmty, has been found to be quite sufficient. The accuracy seems to 
increase oa the poirU gets doser to the discontinuity. 

Sections of Symmetry. The linear rosette can be combined with 
equation (5-6) for a (4 X 4) square to give a good approximation to 
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the true distribution of [p + 5 ) across sections of symmetry. Thus in 
Fig. 5-9 we find the complete distribution across the horizontal section 
of symmetry by determirdng {p -j- g) at A and B from rosettes and 
th*^ri calculating the value at the center of the square by equation (5-6). 



Fra. ^ 10 . DxAwm® Showing thu Application op the Linbab Eosbith m Com- 
bination WITH EatTATION 5-6 FOB THB EtALVATION OF ApPBOHIUATII PKINCIFAIi StBBSSHS 
IN A CiBCCILAB ElNO. 

The results are diown by curve I, Fig. 5-9. Curve II shows corre- 
sponding values from iteration. It is seen that the proposed method 
yields very good results. 

General Section. Curve HI, Fig. 5-^, gives tiie values of (p + ?) 
across section Ti — Tj. It is seen that even' along this section the 
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results are satisfactory. Attention is called to the maYinniTn value 
which was determined from a rosette, showing again that the accimacy 
of the rosette is particularly good near 
sources of stress concentrations. 

Another example is shown in Fig. 

5-10. It can be shown that the 
polar rectangle XYZU transforms into 
a (4X4) square. In this ease the 
value of (p + ?) at A has to be found 
by a rosette. The remaining six values 
which enter into equation (5-6) are 
known boundary values. The results 
may therefore be expected to be par- 
ticularly good, and curves I and 11 
show that they are. The method is 
applicable to any radial section. 

Figure 5-11 shows how the same 
ideas can be applied to a bar with 
fillets in tension or bending. The 
method also gives good results in a tension bar with deep grooves. 

Summary. A simple, rapid, graphical method is proposed to deter- 
mine values for the numerical solution of Laplace's equation 

for a harmonic function with known boundary values. 

Experience shows that the linear rosettes give good approximations 
to the true values at interior points and that the accuracy of the 
results is exceptionally good near boimdaries in general and near stress 
concentrations in particular. The linear rosette may thus be used as 
an approximate lateral extensometer. 

* Further, by combining the initial values from the linear rosette with 
the expression for the key value in a (4X4) square, an effective 
method is available for the rapid determination of the principal stresses 
across sections of symmetry. Applications are also shown to bars with 
fillets in tension and bending. 

Finally, for the general case, the initial values from linear rosettes 
will always reduce the labor and tune necessary to arrive at approxi- 
inate convergence, and for many engineering problems the initial 
values obtained from the linear rosettes provide satisfactory approxi- 
mations without further improvement. 

It is suggested that this method has a useful application to the prob- 
lem of heat transfer in the steady state; 



o Known points 
• Rosette points 
O Key points 



Fig. 5-11. Sketches Showing Pos- 
siBL® Application of Lineab Rosette 
AND Equation 5-6 to Baes with Fil- 
lets. 



CHAPTER 6 

NUMERICAL SOLUTIONS FOR THERMAL SYSTEMS 
L. M. K. Boelteb* and Myeon Tribtjs** 


General Comments on tixe Solution of a Problem. The solution of 
a thermal problem may be obtained by either anaJsrtical or experi- 
mental means. The latter will not be discussed here. In the former, 
the system is idealized; equations representing the behavior are written 
and solved. As the ide^zation is improved by the introduction of 
additional elements, force fields, and variable parameters, the pre- 
diction of the behavior of the actual system is improved. 

Generalizing, we may write 

Limit -* Behavior of actual system 

where n is the nxunber of idealizations. 

Often the behavior equations cannot be solved by classical means 
in terms of known and tabulated functions. Then numerical methods 
are resorted to. 

But numerical (and graphical) methods are often more powerful 
than the algebraic means. Solutions involving variable properties of 
different boundary conditions may be accomplished by such proce- 
dures. 

Machine methods allow the application of numerical methods to two 
and three dimensions; these are usually tedious when attempted by 
ordinary means. A schedule of oi)erations is made for the problem 
solution, then the remaining solutions in this class of problenos be- 
come automatic. 

The idealizations must be re-examined at intervals. Experimental 
checks of the results are mandatory. 

Numerical methods will yield solutions of a diverse series of systems 
described by appropriate differential equations and initial and boimd- 
ary conditions. Throu^ this means, knowledge of new functions 

* Professor of ISngiiieeriiig; University’ of Calif omia^ Los Angeles. 

** Instructor in Engbeering; University of California, Los 
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(not yet studied and tabulated) and combinations of functions will 
be evaluated. 

Numerical results obtained for particular systems may be generalized 
to be applicable to all members of that class of systems by deriving 
the appropriate dimensionless moduli for the system and the differ- 
ential equation with its boimdary conditions. 

The ordering and assembling of these solutions is imp)ortant. The 
process will be greatly facilitated provided authors will present all data 
on which solutions are based and include the results in tabular form. 


Nomenclature and Symbols 


Distance in feet 
Error, ° F 

Errors incurred by r 

Error ” ” 

Error 


dt , At 

°F/ft 

< 


a*fb w 

ax* ^ Ax 

°F/ft* 

dt. At 

°F/hr 


Heat capacity at constant pressure, Btu/lb ° F 
Symbol for finite difference 
Nmnber of arithmetical operations 
Number of intervals of time M in 6, i.e., $ = nA9 
Reciprocal of the Fourier difference modulus 
(dimensionless) 

Subscripts denoting i>osition 
Subscripts denoting time 
Subscript indicating wood 
Subscript indicating cork 
Temperature, ® F 

Thermal conductivity, Btu/hr ft* (° F/ft) 


Thermal diffusivity, ft*/hr 


Time in hours 

Unit thermal conductance, Btu/hr ft* ° F 
We^t density, Ib/ft* 

Weighting factors used at an interface. 

(Equations 6-6, 6-9, 6-10) 

Ambient air temperature 


X 

E 


E^ 


Ee 

C, 

A 

V 


n 

M = 


(AxY 

aAB 


a,h, c • ‘ ' 
1,2,3--- 


w 

c 


t 

h 


a 

e 

K 

y 


a, jS, e, 8 
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AIETEODS OF ANALYSIS 


Rapid Numerical Solution, of the Unidirectional Heat Conduction 
Rquation. As an example of the application of analysis in terms of 
numerical and alscbraic methods to the solution of a the rm a l system, 
consider the following problem statement: A refrigerator wall consists 
of 0.9 inch of cork and 1.0 inches of wood in intunate contact. The 
refri^eratcr and its ?”~onnd:ngs are initially at 50° F. What will be 
the heat flow at the cork surface if this surface is lowered in tempera- 
ture at a rate of five degrees per minute until the surface is at a tem- 
perature of — 25° F and then held at this temperature? (See Fig. 6—5.) 
The following idealizations are applied: 

(1) The properties of the wood and cork are independent of direction, 
time, and temperature. 

(2) There is no thermal resistance at the interface between cork and 
wood. 

(3) The flow of heat is unidirectional. 

(4) The properties, as measured by steady state means, are the same 
in the transient condition. 


Mathematical Relationships. As a result of the above idealizations 
we may write an equation which describes the behavior of a system 
obeying the above postulates: 


dd 


(6-1) 


with the boundary conditions: 


at ^ = 0 t = 50 for all values of x 

a;=0 < = 50 - 300^ O<0<| 

i = -25 e>i 


X = 0.075 ft, all values of $ 



X — 0.1582 ft, all values of ff 


= fte(4 -^.r.) 

In the above equation and boundary conditidns the terms nave oeen 
defined under the heading nomendature^ However, we naay especially 
note that 
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X = distance from cork surface, feet 

he = unit thermal conductance between wooden (outside) surface of 
refrigerator and the ambient air, Btu/Tir ft- °F 
T* = ambient air temperature 

Numerical Technique to Be Used. In this case, because of the 
awkward nature of the boundary conditions and the change in prop- 
erties at the cork to wood interface, it is expedient to resort to a 
numerical technique for sohing this problem. This technique con- 
sists of replacing the derivatives in equation (6-1) by ratios of finite 
differences. It is agreed at the outset that these differences must be 
small, but if the differences are too small, an inordinate amount of 
time wiU be required to attain a solution. A purpose of this paper is 
to examine the usual techniques for obtaining a solution and to suggest 
a method for achieving the most aecmate solution for a given expendi- 
ture of labor. A by-product of this investigation is a method for 
solving the inverse problem, that is, given a desired temperature at 
an interior point of the solid, what must be the surface variations in 
temperature to achieve it? This latter consideration will be dis- 
cussed first. 


The Rapid Method 

Sdunidt-Binder Method. If one uses the so-called Schmidt-Binder 
method (rrference 1, p. 103) one imposes upon the increments of time 
and space the restriction that 

M = = 2 (6-2) 

aA0 ^ ' 

and thereby obtains as a working equation; 

t (6-3) 

The derivation of equation (6-3) is presented in reference 2. Ref- 
erence 5 presents several alternate working equations. Equation (6-3) 
states that the temperaiure at some poird x, and at time B is equal 
to the average of its neighhorinq temperatures at points ^ to eiOier side 
and at the time 6 . A procedure to accomplish this averaging process 
will now be demonstrated which permits certain useful diort cuts. 

Work Sheets. Figure 6-1 shows a typical work sheet in which col- 
umns represent, positions inside a solid and rows represent time. If 
the solid is homogeneous, the temperatures in each row are obtained 
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by an averaging pro'.'eclurc- indicated by the arrows in Fig. 6-1. The 
temperatures at the tails of the arrows are averaged and the results 
written in the indicated squares. Thus each successive row follows 
from the row immediately above as explained in the caption to 
Fig. 6-1. 

This method of computbg the temperature at any particular row 
and column (time or position) depends only upon the initial and bound- 
ary temperatures. Since the work sheet represents the simultaneous 


Positioiis 1 to 1 0 



Fig. 6-1. Woek Sheet for Homogeneous Solid. 


Typical work sheet for numerical solution of Fourier-Poisson equation for unidirectional 
heat flow in a homogeneous solid. The temperatures at the tails of the arrows are averaged 
together arithmetically and the result written in the squares indicated. For example, 
Ti and are averaged and written under Ti in row 2 of the table. When row 2 is completed 
in this manner its values are then averaged in an identical manner to fill in row 3, and so on 
until all rows of the table are completed. 

solution of linear algebraic equations, it should be possible in using 
this scheme to write an equation for the temperature at any point and 
at any time in terms of the given boimdary values only. Reference 6 
(p. 103) suggests this method for certain cases. 

Consider Fig. 6-2, the work sheet for a hoinogt'tu'oii' slab whose two 
faces are subject to temperature variations as indicated in the side 
columns and whose initial temperature distribution is given by the 
temperatures indicated in the first row. Suppose now it is desired to 
know the temperature at the time and position marked i., $ in Fig. 6-2. 
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Numerical Operations. Using the method of averaging tempera- 
tures presented in equation (6-3) the tempera' vre at it, s is computed 
as equal to the average of the temperatures at and t /,7 in Fig. 6-2, 
These in turn are taken as equal to the averages of tc.s, ie.e and 
tg,6. That is: 

/ . = ^<^.7 ~{~ if. 7 _ fc.6 + 2L.6 + tg.g /a 


Row 1 , initial Temperature Distribution 



Fig. 6-2. Wokk Sheet for Homogeneous Slab. 


The slab may be visualized as extending vertically with columns 1 and 10 representing 
its two surfaces. Initial temperature variation through its thickness is given by row 1. 
Successive rows give the temperature variation through the slab at successive times, 
Bi to ^8- Lower values in the table are obtained from values in the row above by the averag- 
ing procedure, t.e., the temperature Te.s is the average of Tdj and T/j. These in turn 
axe obtained by averaging Tc.e and and averaging Te,6 and 


To properly schedule the averaging method, the zone of influence is 
marked by arrows. That is, starting at g, as in Fig. 6-3, arrows are 
drawn tracing the paths along which the temperatures that determine 
U, g exert their influence. In the center of each square the sum of the 
quantities at the tails of the two arrows leading into that square are 
written. At the extreme right is written 1, (i)* as shown 

in Fig. 6-3. Whenever the arrows are drawn into a square where the 
temperature is presumed known, no more arrows lead out of that 
square. By adding the terms that appear at the edge of the zone of 
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influence, and with due regard for the multipliers at the right, one 
obtains: 


The construction of the above matrix and solution for the indicated 
equation required less than two minutes. It will be noticed that 
equation (6-5) is explicit m L. $ and the effect of varying any one of 
the botmdary temperatures can be determined directly. 
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Fig. 6-3. Zone op Influence pok T , fi . 

"nie "zone of influence” is constructed by drawing arrows from the square where the 
desired temperature is indicated, tracing the path whereby the boundary and initial tem- 
peratu^ insert their influence. At the right are the influence factors by which boundary 
■ralues in corresponding rows are to be multiplied and added to determine r,.j. 


Extension to Nonhomogeneous Media and Convective Heat Transfer 
at the Surfaces. At the interface between two solids, equation (6—3) 
can no longer be used. It is possible, however, as shown in reference 3, 
to adopt an averaging process at an interface at which the contact 
resistance is zero in the form 


U, »+ns — 2 » "I" 2 


(6-6) 


Where the width of the Imninae Ax^ and Ax'' are different in the two 
media and related to their respective thermal diffusivities by equa- 
tion (6-7). 
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Similarly, at a surface, the averaging method depends upon the ther- 
mal resistance to each side of the surface, and a weighting equation 
can be developed in the form of equation (6-8) 




(6-8) 


Revised Work Sheet. Figure 6-4 shows a work sheet for this ease 
in which the edge columns have hea\'ier lines as a reminder that these 


a b c d e f g h i } 
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Fig. 6-4. Special Averaging Peocbdueb 
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The “zone of influence” for a nonhomogeneous solid or a solid where convection occurs 
at the surface must be constructed with proper regard for the unequal weighting of the 
temperatures to either side of the surface of discontinuity. 


columns are aveToged differently than the other columns^ that is, equa- 
tion (6-8) is to be used instead of equation (6-3). Note that when- 
ever an arrow is drawn out of the column at the ri^t or left edge its 
tail value is multiplied by a or ft but not when the arrow is drawn 
into the same column. Ihis is because a and i3 equal unity for these 
neighboring colunms. In Fig. 6-4 the working equations for the 
columns at the edge are: 


h = ^ta + ^tc (6-9) 


(6-10) 
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In equations (6-9) and (6-10), a! + j3 = 2, 5 + e = 2. The value of 
U, g is now seen to be 

^*.8 + ^[“(3 + ^)y + Ti?[(9 + 4^ + 

+ yh‘2S -j-J + 5=)^d + (33 + 5 + 0)tf 
+ {(14 + 5) -}■ S(4 "i" 5)}4 -j- (4 + 5)e^j] (6—11) 

The equation above, of course, would reduce to a more compact equa- 
tion if numerical values were used in place of a, /3, and «. As an 
example of the use of this method, the foUo'^dng problem has been 
prepared. 


Sample Calculation Using the Techniques Pebsented 


Statement of the Problem. Consider the problem of the heat 
transfer from the composite cork-wood refrigerator wall discussed 
earlier in this chapter (Fig. 6-5). By the use of appropriate idealiza- 
tions the system may be described as obeying the Fourier-Poisson 
equation: 

d^_m 

°'dx^ dd 

with boundary condition: 


0 = 0 
X = 0 


t(x,e) = +50° F 

t(0,e) = 50 - 3000 0 <0 <i hour 

t(O,0) =-25 i <0 


X = 0.075 ft, 
(aU0) 

a; = 0.1582 ft, 
(all«) 


dfu, 

dx 




'hci^v r®) 


Postulate that he = 2 Btu/hr ft* "F at the outer surface (a: = 0.1582 ft). 
Calculate the heat flow at a; = 0 from time 0 = 0 to 0 = 40 minutes. 

Solution. In the construction of the work sheet the following data 
were used: 

A0 = 1/30 hr 
Az == 0.223 in. for wood 
Aa: = 0.201 in. for cork 
h = 0.025 Btu/hr ft* F/ft) for cork 
h = 0.12 Btu/hr ft* (° F/ft) for wood 
7 = 10 Ib/ft* for cork 
7 == 50 Ib/ft* for wood 



NUMERICAL SOLUTIONS FOR THER^L•Mi SYSTEMS 


Cp = 0.485 Btu/lb ° F for cork 
Cp = 0.57 Btu/lb ° P for wood 
a = 5.16 X 10“® ft®/hr for cork 
a = 4.21 X 10~* ft^/hr for wood 


The heat flow is given by 


? = 




= k 


tj ~ to 

Ax 
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Fig. 6-5. Sampie Pboblem fob Illustrating the Technique 


A nonhomogeneous wall consisting of 0.9" of cork with 1.0" of wood. The wood and 
cork are considered as divided into laminae of 0.223 and 0.201 inches respectively. The 
temperatures at the edges of these laminae are entered in the columns of the work sheet 
shown below the wall section. The column marked ti is drawn with a heavy border to 
remind the computer that the temperature in this column (which is the temi)erature at the 
wood-cork boundary) is obtained by a different averaging procedure than the other columns. 
it is treated similarly. 

Since t(0,6) is given, it is only necessary to calculate f(l,5) as a function 
of time. Figure 6-5 shows the sketch of the cork-wood wall and below 
it the matrix used as a working form. The temperatures are computed 
from the following relationships (see p. 98). 



Space axis 



Time (minutes) — ^ 

Fig. 6-6. Matrix or Work Sheet 

The completed matrix for the solution of the refrigerator wall problem. Because 60® F 
hand cohimn and the top row are all zeros. The 50® F will have to be added to the solution 
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FOE Pboblem op Fig. 6-5. 

has beea subtracted from all initial and boundary temperatures the entries in the righi 
when it is obtained. 
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P - ~ - 2' 3, 5, 6, 7, 8) 


Ax„ , 


AXc 




Ax. + Ax.(fe) 




is, 9 (Ref. 3) 


f I ‘^^’g f 

tS, <? I /7. \ ^ 


--if) 


or 


= ^fe,»+ 2 ^s, 9 a — 0.316, ^ — 1.683 


^9,9+49 — 2^“-* * ~ 0.460, S — 1.54 


Because the boundary and initial temperatures enter linearly into the 
solution, it is expedient to subtract 60 from aU temperatures and then 
add 50 to the solution. With this change the finished matrix appears 
as shown in Fig. 6-6. 

The Matrix. Equations for the temperatures can be read from the 
completed matrix. Figure 6-6 shows the matrix for 42 minutes. 
However, the temperatures at lesser times can be read by shifting the 
time origin downward. For example, from this matrix the following 
equations are obtained: 


^1.6 — 2 d" g^o.o 

fl.io = I io,8 + 1 ^ 0 , 4 d" ^ « 

4 —^4 LI 4 i(4 + a)^ 

5i.i 6 — 2^0-w d- gio.io i- g2*«'6 d jjg — 

^i.as = |fo,20 d- |to,i6 d- ^to,i2 d- -f ~ g^2 ^ 0, 4 

, (16 d- 26a) . 

^ 2048 ®'“ 


Figure 6-7 shows a graph of h and q/ A bs functions of time as obtained 
by this technique. 
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0 10 ao 30 40 

Time, (minutes) 


Fig. 6-7. Rbsoi/ts of Cai/hjiiAXION's bt the Mathee op Fig. 6-6. 

The temperature aud heat flow in the refrigerator wall are computed from the matrix 
^own in Fig. 6-6. 


Acctiract of the Numerical Process 

Possible Improvemeiits. The construction of the work sheet show- 
ing the zones of influence reveals the interesting fact that in the 
numerical averaging procedure adopted, the temperature obtained, 
say, at te, s in Fig. 6-4, does not appear to depend upon the initial 
values of to. i, to, i, tg. i, or U. i. However, the temperature at an in- 
stant later does depend upon these values. Thus it is to be expected 
that uTilpfiR the initial temperature distribution is very smooth, the 
computed value of i.,8 will oscillate until the boundary temperatures 
exert the predominant influence. It would appear thai a better averag- 
ing technique should he adopted. This procedure was proposed in 
reference 5 and it was suggested that the time and space increments 
be related by Af = (AxY/a A0 where M could be any value greater 
than or equal to 2. Of course, when M is assigned a value greater 
t.han 2 the timpi increment becomes smaller for a given value of A®. 
That is, if Ax remains fixed, a larger number of calculations will be 
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required to advance a given total interval in time. For example, if 
M = 3, we will find that 1.5 times as many calculations must be made 
as for M = 2. On the other hand, since the value of the computed 
temperature at a point should no longer oscillate, perhaps larger in- 
crements Ar will be permitted for a given accuracy. 

Study of Errors. In order to investigate this matter the derivations 
of the working equations were examined in a fashion similar to that 
of reference 7. 

Define certain errors, Ei, E^, Ez and Eg, as follows: 


Ez = 

^x.d ix—Ax.d 

WA AI. Ax 

X--.B 

(6-12) 

Ez = 

tx4-6x. e ix.B 

(6-13) 


/^A _ /^\ 


JSs ^ 

/dH\ 

(6-14) 

\dxyx.e Ax 

= ! 

/dA tx.e+&e ix.s 

\ddh,g Ad 

(6-15) 


The E’s represent the error incurred in replacing a derivative by a 
ratio of finite differences. If these equations (6-12) to (6-15) are 
substituted into equation (6-1) there results: 

. _ — 2)tx.g -b tx —^,9 I 1 Tip ( 

— -r ^ \PzK^) 

-)- (Ez — Ez) Aa; — MEg AS] (6—16) 

Now the errors defined in equations (6-12) to (6-15) depend only 
on one variable at a time, that is, is a function of a; or of 0 only, etc. ; 
hence we may conader the expansion of the function t(x,6) in a Taylor 
series first about z with 9 constant and then about 6 with x constant is 
accomplished. 

t,(x + Aa:) = U(x) + ^xt',(x) -t- Aa:* ® -!-••• (6-17) 

tt(x Aa:) = tg(x') — Ax^(x') (Aa:)* ^ -!-••• (6—18) 

« (» + y) = Uix) + f U'(x) + ^ ^ -b . . . (6-19) 
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« (x - f ) = m - f «x) + oji + . . . (6-20) 

i,(e + 4«) - US) + + (i6)= H (6-21) 


From these equations and the defijoitions of the errors, the sum of 
the errors can now be written. Then writing E' as the total error, 
that is, the last term in equation (6-16), 

F?' = ^ [EziAxy- + {Ea -El) Ax- ME, Ad] (6-22) 


Limit on Error. When equations (6-17) to (6-21) are substituted 
into equations (6-12) to (6-15) and these in ttim are substituted into 
equation (6-22), there result two infinite series whose leading terms 
contain {dH/dff^) and {dH/dsf). By the remainder theorem, the series are 
less in absolute value than the leading terms evaluated at their maximum 
values. Therefore, 


E' 


< 


(Ad)^ r/^ _ ^ /^\i 

2 6 W/J 


(6-23) 


Equation (6-23) yields the maximum value of the error incurred at 
any one step in the numerical process. These errors accumulate in a 
very complex fashion, but in general, if one is making the computations 
for a period of time, say n Ad, then the absolute value of the error will not 
exceed the toted of the absolute value of the errors at each step. 


2b s 


(6-24) 


If the largest value of E' is denoted by E", then 


E < nE” (6-25) 

The error of one step, multiplied by the number of steps should be 
held to a Tniniirmm . Therefore : 


E < nE" = 



a^MdHl 
6 dx\ 


(6-26) 


The Tnn.YiTrmm total error in any one solution calculated for a speci- 
fied time interval d = n AS proportional to the time increment: 



'm 


a?M dH ~| 
6 dx^\ 


(6-27) 


The error due to replacing the partial derivative with respect to time 
by a difference quotient is independent of M. The error due to re- 
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piftfling the second derivative ivith respect to space increases with 
increasing M. 

Niunher of Numerical Operations. The total number of arithmeti- 
cal operations is equal to the number of steps, n, multiplied by the 
number of operations at each step. The operations for each step for 
M = 2 are; 


(1) At an interior point of a homcger-ecus solid: 

(a) One addition (b) One multiplication or division 

(2) At a discontinuity: 

(a) Two multiplications (6) One addition 

Thus, if M = 2, one performs 2n or 3n operations for each Ax and 
if the total dimension is x, one performs p operations, where: 


2nx . ^ 3nx 

— < » < — — 
Ax ~ Ax 


(6-28) 


If ilf 5 ^ 2, one is required to perform at all points three multiplications 
and one addition. The total number of operations is therefore given 
by p = 4mxf Ax 
Summarizing: 

For Af = 2 2nx . . ^ 3nx 


For JIf 2 


Vab 


<p < 


V^V Ad 


V 


471a; 

Vilfo Vm 


(6-29) 


(6-30) 


Therefore, if a time increment Ad is chosen the same for both cases, 
the ratio of operations required for each of the two cases, Af = 2 and 
M 9^2, 

1 In jT n n I hjT 

(6-31) 




When the ratio {P m^s/P is greater than unity, it means that 
a larger number of operations is to be performed when M = 2 than 
when M 9 ^ 2 . It is seen that if Af is made very large this ratio will 
exceed unity. If every lamination represents a discontinuity of prop- 
erties, the ratio of operations will equal unity when Af = 3|-, For a 
homogeneous solid the number of operations will be equal at Af = 8. 
Therefore, under no circumstances will there be any gain from taking 
Af greater than 2 but less than 3f . 

If the machine upon which these computations are to be performed 
has peculiar characteristics, as for example, requiring a much longer 
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time to multiply than to add (as is common in most computing ma- 
chines), a different value of M -n-ill be foimd as the optimum. On the 
other hand, referring again to equation (6-27), if the curv’e of tempera- 
ture versus distance is less curved than a quartic, i.e., the fourth 
derivative vanishes, no error is incmred in taking M or Ax very large. 

Conclusion. If it is desired to know the temperatures in a solid as 
a fxmetion of the initial and surface temperatures, the proposed short 
cut will be useful. It will be of greatest utility when it is desired to 
ascertain the effect of differing boundary and initial temperatures upon 
the temperature at a particular interior position. 

The error in the numerical integration method is proportional to 
the time increment M. 

The choice of the reciprocal of the Foiuier difference modulus M = 
(AxY/a AB other than 2 requires more labor for a given accuracy than 
for M = 2 unless Jlf > 3f and sometimes unless M > 8. 

The error in the numerical method depends upon the magnitudes of 

~ and on a^M If the temperature variations with space are less 

curved than the graph of a quartic equation, the value of M may be 
chosen as large as desired without error. Under such circumstances 
M should be chosen at least equal to 8. 
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CHAPTEE 7 


TWO PROBLEMS IN BUILDING HEATING 
SOLVED NUMERICALLY 

G. M. Dusinberre* 


Spiopsis. One transient and one steady state problem, solved 
otherwise in the literature, have been selected to demonstrate practi- 
cal numerical methods in this field and to permit comparison as to 
facility and accuracy. The transient problem deals wdth the rate of 
cooling of a building when the heating plant is shut down, and the 
rate of heating up when the plant is operated at maximum capacity. 
The steady state problem deals with heat supply and comfort condi- 
tions in a room when some account is taken of the effect of radiant 
temperatures. The methods developed are not limited to the present 
type problems, but have general applica’oiiity. 

Introduction. In applying numerical analysis to heat transfer prob- 
lems, the first step is to subdivide the physical system into a number 
of regions, to each of which a representative temperature may be 
assigned. This process calls for some judgment. If the subdivision 
is too crude, the accuracy may be low. Or if the accuracy is satis- 
factory under crude assumptions, we might have saved time by the 
use of calculus. On the other hand, if the niimber of subdivisions is 
unduly large, we may have wasted time in oblaining a degree of 
accuracy not warranted by the data or by the practical application of 
the solution. 

When dealing with a homogeneous system, the subdivision is made 
on a geometrical basis, into squares, cubes, triangles, etc., and the 
problems are classified as one-, two-, or three-dimensional. The 
examples in this paper have the advantage of showing a more general 
scheme of subdivision, on a physical rather than a geometrical basis, and 
with any number of effective dimensions.** 

* Professor of Mechanical Engineering, Univeraty of Delaware, 
lake moment distribution (Chapter 1) and grid analyris presented in Chapter 2 the 
numerical procedure given here maintains a close association with the phyEdcal body. Ed. 
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Basic Equations 


Transmittance. Having subdivided our system, we calculate an 
over-all transmittance, K, between each pair of regions which can 
exchange heat. The term transmittance is understood to include the 
effect of whatever modes of heat transfer are appropriate. In the 
present problems we take these quantities as constant.* Then, for 
example, the heat flow from region 2 to region 1 is given by: 

Qii = KniTi - TO (7-1) 

where 

Q' = heat flow, Btu/hr 
K = transmittance, Btu/hr ° F 
T = temperature, ® F 


The subscript Si is to be read “two, one”. 

There may be a heat supply Qi within a region, independent of the 
temperature. For region 1 we designate this Qii, which is in Btu/hr. 
Then the total heat flow to region 1, for example, is: 


^n(T2 - TO + + Km(T„ - TO + Qii = Qi (7-2) 

Steady Flow. If the heat flow is steady in time, Qi is zero. If the 
heat flow is transient, but the heat capacity of the region is relatively 
very small, so that it is substantially in equilibriinn with its surround- 
ings at all times, Ql may be negligible. For these cases, rearranging 
equation (7-2) : 


^ZlT^ + + KnlTn + Q'tl — ^KiTi = 0 


Ti = FiOTz -t* • 


+ 


K, 


nl 


Tn + 


Qii 


SKi*” ' ^Ki 

+ FnlTn + Ql 


(7-3) 

(7-4) 

(7-6) 


in which the value of Q and of each F is evident from a comparison of 
equations (7-4) and (7-5). 

Transient Flow. But if we have a transient problem in which heat 
capacity is important, we have to take account of it. The heat capac- 
ity, C, (Btu/® F) is calculated for each region. Then if we can assume 
that the heat flow will be nearly constant over a small time interval, 
and again taking region 1 for example we obtain: 

QiA9 = Ci(T{-T0 (7-6) 


* In a paper by the author in Trans. ASME (Nov. 1945), p. 703-12 methods are outlined 
which fiftn be used in some cases where the physical properties vary significantly with tem- 
perature. 
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in which Ad denotes the time inten'al, T is the temperature at the 
beginning of that interval and T' is the temperature at the end of the 
inten’al. Subs-iituting in equation (7-2) and rearranging terms, we 
have: 




+ + r„ + + [i - 

(7-7) 

T[ = + + F„ir„ + Qi + FiiT:. (7-8) 


Here the Q and the F terms have different meanings from those in equa- 
tion (7-5). Their definitions are obtained by comparing equations 
(7-7) and (7-S). 

Criterion for Convergence. We must give special attention to the 
term Fn. All the other F terms are inherently positive, but it is pos- 
sible to choose Ad so as to make Fn negative. This would be as much 
as to say: the hotter region 1 is at the beginning of the interval Ad, the 
colder it will be at the end. Practically, this will give rise to an 
erroneous oscillation or divergence in the calculated values. (The 
same sort of difficulty can arise with infinite series.) So we should 
take as a criterion: 

Fu^O (7-9) 

whence: 

(7-10) 


An equation similar to (7-10) is written for each region, and Ad must 
be chosen to satisfy all these. If a cyclic operation is under study, 
Ad should be made some fraction of the cycle. 

Step^-Step. On writing an equation similar to (7-5) or (7-8) for 
each region, we are nn!par(:d to carry out a step-by-step analysis of 
any prescribed transient situation. The procedure will be illustrated 
by examples. 

Problem I 


Statement of Problem. We have a small industrial building, 50 ft 
square and 50 ft high above groxmd, of prescribed construction 
equipped with a heating plant of prescribed capacity. Between 
9 : 00 A.M. and 4 : 30 p.m. the interior temperature is to be maintained 
at 70 F; at other times it may vary. Ventilating air is to be provided 
at all times, at the rate of 4000 cfm 
It is desired to investigate the rate at which the building will cool 
off and heat up under conditions (1) and (2), as follows: 
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(1) Outdoor temperature is constant at 30° F. Heating plant is 
shut down at 4 : 30 p.m. and is started at full capacity in time to have 
the interior at 70° by 9 : 00 a.m. It is required to find the timp when 
the plant should be started.* 

(2) Beginning at 4 ; 30 p.m., the outdoor temperature falls at 2°/hr 
to 15° F, where it remains constant. Other data and requirements are 
the same as in part (1). 

Asmrrvptions. The following assumptions are made: 

(а) Conduction through the groxmd is negligible. 

(б) Conduction from floors to outside walls and from partitions to 
roof is negligible. 

(c) Heat capacity of windows and of inside air is negligible. 

We subdivide the system as follows: 

0 — outdoors 

w — outside walls 
r — roof 

1 — inside partitions and floors 
a — inside air 

Figure 7-1 shows the assumed paths of heat flow. 



Fig. 7-1. Heating Plant Diagram. 


Transmittances. From the dimensions and materials given, and 
from handbook coefficients, we calculate the following quantities where 
the subscripts refer to transfer between the regions of Fig. 7-1: 

K^ = K^ = 6840 Btu/hr ° F 
K^a = Ka„ = 4970 Btu/hr ° F 
Kro = Kor = 7450 Btu/hr ° F 
Kra = Ear = 3220 Btu/hr ° F 

(Each of the above includes the appropriate surface coefficient plus 
one-half the resistance of the wall or roof itself.) 

Koa = Kao 6580 Btu/hr ° F 

*Up to this point, the problem is similur to that oatlined by B. F. Raber and F. W. 
Hutchinson in their text, Befrigeration and Air Conditioning Engineering (Wiley), pp. 143- 
146. It will he of interest and value to compare the methods of solution. Part (2) of this 
problem cannot be handled by the method of this reference. 
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(This is made up of transmission through the window area plus con- 
vection to the ventilating air.) 

Kai = Kia = 74,200 Btu/hr ° F 


Heat Capacities 


C„ = 169,300 BtuA F 
Cr= 17,500 Btu/*F 
Ci = 189,200 Btu/° F 


Convergence. We now find the limits on A 0 : 

Por the walls, M i “ W.3 hr 

For the roof, i9 S 

For the inside walls, etc., M ^ 7 ^ 2 ^^ ~ ^ 

Then a convenient M will be 1.5 hr, and this value also divides evenly 
into 24 hr. 

Heat Balance Equations. As we are neglecting the effect of Ca, we 
use equation (7-5) : 

SKa = 4970 -1- 3220 + 6580 + 74,200 = 88,970 

Ta = 0.056r„ •+• 0.036r, -h 0.074r, -f 0.834ri + Qa ( 7 - 11 ) 
For the other subdivisions, use equation ( 8 ) : 


= 6840 X 


= 4970 X 


1.5 


169,300 

1.5 


= 0.061 


= 0.044 


169,300 

= 1 - 0.061 - 0.044 = 0.895 
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= 0.061^0 + o.o44r„ + Q.mT^ (7-12) 

For = 7450 X = 0.638 

l/,o00 

Far = 3220 X 7 ;:?^ = 0.276 
l/,o00 

= 1 - 0.638 - 0.276 = 0.086 


Tr = o. 638 r<, + o. 276 r<. + o.oser. 


(7-13) 


^ iiiloo = o ®®» 

Fa = 1 - 0.589 = 0.411 


T't = 0.589Ta + 0.41iri 

Compuiation Scheme. We can 
form as a guide in computation: 


o w 
o — .061 

w — .895 

X — — 

a — .044 



(7-14) 

now set 

up the F values in tabular 

r 

i a 

.638 

— .074 

— 

— .056 

.086 

— .036 

— 

.411 .834 

.276 

.689 — 


Each column represents one of the equations (7-11) to (7-14). 


Steady-State Conditions. Before starting the calculation we need 
to know the steady-state temperatures of the mid-points of the out- 
side walls and roof. 


m 6840 X 30 -h 4970 X 70 -c. 

n® “ 

m 7450 X 30 “f" 3220 X 70 to -ci 

iwo 

Then at 3 : 00 p.m. the temperatru'es in the system are: 
6 b w r i 


3 ; 00 P.M. 


30.0 


46.8 


42.1 


70.0 


a 


70.0 


Let us predict the temperatures after the interval A 0 , that is, at 
4 : 30. The first term on the right of equation ( 12 ) is O.OOlTo = 
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0.061 X 30.0 = 1.8, and this is a contribution toward Show this 
result as follows: 



Continuing with the remaining items in the w, r, and i col umns , we 
would have: 



1.8 19.2 
41.9 


3.6 

28.8 

3.1 19.3 41.2 

Temperatures at 4 • 30 p.m. Adding these results, we get the tem- 
peratures at 4 ; 30 p.m. : 

9 0 w r i a_ 

4 : 30 P.M. 46.8 42.1 70.0 

which merely confirms the steady state which has been assumed. Tc 
can of course be written in, as it does not depend on anything going 
on in our building. Now Ta has to be calculated from conditions at 
4 : 30, not at 3 ; 00 p.m. Multiplying the other temperatures by the 
appropriate F values we get: 

a 

2.2 
2.6 
1.6 

58.4 
64.7° F 

The sum is the temperature which the air will attain shortly after 
4 : 30 when the heating plant is shut down. To maintain the 70* 
steady state we have to add a Qo = 70.0 — 64.7 = 5.3° F, and from 
this, Q'„ = QaSZ, = 5.3 X 88,970 = 471,000 Btu/hr. This is the 
rate at which the heating plant must operate to maintain the assumed 
daytime condition. 
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Temperatures to 3 a.m. Now we have all the temperatures for 4 : 30. 
By repetition of the same series of calculations, which involve nothing 
but multiplication and addition, we can find the temperatures at any 
number of succeeding intervals of M. Results, to 3 ; 00 a.m., are 
shown below: 


e 

0 

w 

r 

i 

a 

e 

0 

w 

r 

i 

a 

3:00 

30.0 

46.8 

42.1 

70.0 

70.0 

9:00 

30.0 

45.6 

39.1 

61.3 

57,3 

P.M. 


1.8 

19.2 


2.2 

P.M. 


1.8 

19.2 


2.2 



41.9 



2.6 



40.8 



2.5 




3.6 


1.5 




3.4 


1.4 





28.8 

58.4 





26.2 

49.2 



CO 

19.3 

41.2 




2.5 

15.8 

33.8 


4:30 

30.0 

46.8 

42.1 

70.0 

64.7 

10:30 

30.0 

45.1 

38.4 

59.0 

55.3 

PAI. 


1.8 

19.2 


2.2 

P,M. 


1.8 

19.2 


2.2 



41.9 



2:6 



40.4 



2.5 




3.6 


1.5 




3.3 


1.4 





28.8 

55.7 





24.2 

17.4 



2.8 

17.8 

38.1 




2.4 

15.3 

32.6 


6:00 

30.0 

46.5 

40.6 

66.9 

62.0 

12:00 

30.0 

44.6 

36.8 

56.8 

53.5 

PAI. 


1.8 

19.2 


2.2 

P.M. 


1.8 

19.2 


2.2 



41.6 



2.6 



40.0 



2.5 




3.5 


1.4 




3.3 


1.3 





27.4 

53.5 





23.4 

45.8 



2.7 

17.1 

36.5 




2.4 

14.8 

31.5 


7:30 

30.0 

46.1 

39.8 

63.9 

59.7 

1:30 

30.0 

44.2 

37.3 

54.9 

51.8 

P.M. 


1.8 

19.2 


2.2 

A.M. 


1.8 

19.2 


2.2 



41.2 



2.6 



39.6 



2.4 




3.4 


1.4 




3.2 


U 





26.2 

51.1 





22.6 

44.3 



2.6 

16.5 

35.1 




2.3 

14.3 

30.5 


9:00 

30.0 

45.6 

39.1 

61.3 

57.3 

3:00 

30.0 

43.7 

36.7 

53.1 

50.2 


P.M. A.M. 


Starting Heating Plant. For the next step of the problem, some 
trial-and-error is necessary in this as in other methods of numerical 
solution. We have to guess a time for starting the heating plant, and, 
if this does not come out right at 9 : 00 a.m., we must try another time’ 
in the direction indicated by the error, and then interpolate if neces- 
sary. The outdoor air still remains constant at 30° F. We will show 
here only the correct guess. 

The Tinfl.YiTrmTn capacity of the heating plant is specified as 820,000 
Btu/hr. For this condition, Qa = 820,000/88,970 = 9.2°. This will 
be added to find each Ta value in accordance with equation (7-11). 
For example, if we should start the plant at 1 : 30 a.m., Ta becomes 
51.8 + 9.2 = 61.0. The calculation would then proceed as follows: 
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e o w X i a d 0 


1:30 

30.0 

44.2 

37.3 

54.9 

61.0 

6:00 30.0 44.2 

41.2 

64.8 

69.4 

A.M. 


1.8 

19.2 


2.2 

A.M. 1.8 

19.2 


2.2 



39.6 



2.5 

39.6 



2.5 




3.2 


1.4 


3.5 


1.5 





22.6 

4S.9 



26.6 

56.1 



2.7 

16.8 

36.0 


3.0 

19.1 

40.7 







9.2 




9.2 

3:00 

30.0 

44.1 

39.2 

58.6 

^.2 

7:30 30.0 444 

41.8 

67.3 

71.5 

A.M. 


1.8 

19.2 


2.2 

A.M. 1.8 

19.2 


2.2 




39.5 


2.5 

39.7 



2.5 




3.4 


1.5 


3.6 


1.5 





24.1 

51.5 



27.6 

58.1 



2.8 

17.7 

37.8 


3.1 

19.7 

42.1 







9.2 




9.2 

4:30 

30.0 

44.1 

40.3 

61.9 

66.9 

9:00 30.0 44.6 

42.5 

69.7 

73.5 

A.U. 


1.8 

19.2 


2.2 

A.M. 






39.5 



2.5 








3.5 


1.5 









25.4 

54.0 

The desired condition has been substan- 



2.9 

18.5 

39.4 

A A 

tially attained. At 9 

: 00 A.M. we can begin 






9.2 

to operate the plant at a lower rate, reducing 

6:00 

30.0 

44.2 

41.2 

64.8 

69.4 

Ta- For the significance of 

the 

column 







headings see Fig. 7-1, p. 107. 




Calculus Solution. An alternative solution giving the same result 
can be found in the Raber and Hutchinson reference. A third solu- 
tion can be found by simplifying the problem and applying elementary 
calculus. The total transmittance of the building, for walls, roof, 
windows, and ventilation, can be found to be Kt = 11,710 Btu/hr ® F. 
We neglect all heat capacities except the interior. The rule for New- 
tonian cooling of an object to which a single temperature can be as- 
signed, in a constant ambient temperature (To), is 

iT^ - To) = iT^ -To) exp ^ {e, - Bx) (7-15) 


Substituting To =* 30, Ti — 70, Kt = 11,710, (7< = 189,200, Bi — 
4 : 30 P.M., 02 = 1 : 30 A.M., we get Tz — To - 22.8, or Tz = 62.8, 
which may be compared with the numerical results of 54.9 for the 
interior walls and 51.8 for the interior air. 

The corresponding rule for heating is readily derived: 

(a a \ i-n Kt(Tz To) (7—^ 

(Bo Bz) s:t^Q^ _ (7 16) 

When we let Tz — To ^ 22.8, as foimd above. To = 70 ; and Q' .= 
820,000, we find 8s — Bz = 7.44 hr, and 08 = 8 : 56 a.m:. 
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Conclusions from Problem 1. It appears, then, that our analysis 
is more refined than necessary for a reasonable solution of part (1) of 
our problem, and has merely served its purpose of illustrating a 
method. But now suppose that the problem reqxiires a finer sub- 
division. Suppose, for example, that we needed to know the surface 
temperatures inside the exterior walls and roof, for a study of sweating 
conditions. The Tnethod would be to split the walls and roof irdo layers 
and me the same technique with a more ^tensive computation form. 
This procedure will not be illustrated here, but it should be evident 
that the only cost is a little more computation time. It shoxild also 
be evident that a calculus solution would be almost intolerably com- 
plex, even if possible at afi. 

Again, suppose the ambient temperature varies in some arbitrary 
manner, as in part (2) of our problem. The calculus solution will 
become extremely complex, but the numerical analysis can be extended 
without any change in the computation form. For the data gi%'en 
we will find that the heating plant will have to be started a little before 
midnight. The calculations for starting the plant at midnight are 
shown in Table 7-1. Starting at 4 : 30 pj 4. the temperature of the 
outside air drops from 30° F to 15° F at 2° per hour. 

Pkoblem II 

In starting Problem I we found two steady-state temperatures very 
readily, because the temperatures of the adjacent regions were known. 
Sometimes it is necessary to find a large number of steady-stale tem- 
peratures when we know the iompera lures or heat inputs for only a 
relatively few regions. For such problems we recommend and exhibit 
here the “relaxation” method. 

Relaxation vs Iteration. The method outlined here for transients, 
and also some of the numerical methods for steady states (Shortley & 
Weller, for example) may be characterized as iterative. The calcu- 
lation, once started, proceeds in a purely mechanical way. Judgment 
no longer enters; “nature takes its course.” This is an advantage 
when it is possible to make use of automatic calculating devices. BtU 
the “relaxation” procedure is not of this sort. The computer has soine 
discretion and, while a correct solution will be reached in any case, the 
better his judgment, the sooner he will reach it. 

For systems subdivided geometrically, Emmons* has treated 

• H. W. Emmons, “The Numerical Solution of Heat Conduction Problems,” Trans. 
ASME, 66, 607 (1943). 
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Tabie 7-1. pROBiEM I, Part (2). Calculation op Cooling and Heating with 
Vabying Outdoor Temperature 


e 

0 

w 

r 

i 

a 

e 

0 

w 

r 

i 

a 

4:30 

30.0 

46.S 

42.1 

70.0 

64.7 

1:30 

15.0 

42.0 

28.6 

57.9 

62.0 

P.M. 


1.8 

19.2 


2.0 

A.M. 


0.9 

9.6 


1.1 



41.9 



2.6 



37.6 



2.3 




3.6 


1.5 




2.5 


1.1 





28.8 

55.7 





23.8 

50.4 



2.8 

17.8 

38.1 




2.8 

17.1 

36.6 







0 






9.2 

6:00 

27.0 

46.5 

40.6 

66.9 

61.8 

3:00 

15.0 

41.3 

• 29.2 

60.4 

64.1 

P.M. 


1.6 

17.2 


1.8 

A.M. 


0.9 

9.6 


1.1 



41.6 



2.6 



37.0 



2.3 




3.5 


1.4 




2.5 


1.1 





27.4 

53.1 





24.8 

52.2 



2.7 

17.1 

36.4 




2.8 

17.7 

37.8 







0 






_ 9.2 

7:3': 

J4X‘ 

45,^ 

37.> 


58.9 


:.V‘ 

-:'.7 



9 

P.M. 


1.5 

15.3 


1.6 

A.M. 


0.9 

9.6 


1.1 



41.1 



2.5 



36.4 



2.3 




3.2 


1,3 




2.6 


1.1 





26.2 

50.8 





25.8 

53.9 



2.6 

16.3 

347 




2.9 

18.2 

38.8 







0 






9.2 

9:00 

21.0 

45.2 

34.8 

60.9 

56.2 

6:00 

15.0 

40.2 

30.4~ 

64.6 

67.6 

P.M. 


1.3 

13.4 


1.3 

A.M. 


0.9 

9.6 


1.1 



40.4 



2.5 



36.0 



2.2 




3.0 


1.1 




2.6 


1.1 





25.0 

48,5 





26.6 

55.4 



2.5 

15.5 

33.1 




3.0 

18.7 

39.8 







0 






9.2 

10:30 

18.0 

44.2 

31.9 

68.1 

53.4 

7:30 

15.0 

39.9 

30.9 

66.4 

69.0 

F.M. 


1.1 

11.5 


1,1 

A.M. 


0.9 

9.6 


LI 



39.6 



2,4 



35.8 



2.2 




2.7 


1.0 




2.7 


1.1 





23.8 

46.0 





27.3 

56.7 



2.3 

147 

31.4 




3.0 

19.1 

40.6 







9.2 






9.2 

12:00 

15.0 

43.0 

28.9 

55.2 

59.7 

9:00* 

15.0 

39.7 

31.4 

67.9 

70.3 

A.M. 


0.9 

9.6 


1.1 

A.M. 







38.5 2A 

2.5 1.0 

22.7 48.3 

2.6 16.6 35.2 

9.2 

1:30 15.0 42.0 28.6 57.9 62.0 

JLM. 

* The final line shows that the inside air temperature would reach 70.3® at 9 : 00 a.m. 
Thus, starting the heating plant at midnight would achieve the result desired. For the 
significance of the table headings see Fig. 7-1, p. 107. 
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Table 7-1 Continued, 

COMFCTATION ScHEME 


0 

0 

W 

r i 

a 

e 

r. 


Tr Ti 

To 



XX X 

XX 

XXX 

TlXF„ 

T’rXFr, 

T'iXFi, 

Q. 

0 + AB 
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rectangular coordinates and Southwell has considered triangular and 
hexagonal networks. For a system divided on a physical basis, 
Mackey * has used the work of Wright ** in solving problems in room 
heating by radiant panels or by convection. A problem of this type 
win be used for illustration. This problem is based on substantially 
the same data as one studied by B. F. Baber and F. W. Hutchinson in 
Panel Healing and Cooling Analysis (Wiley, 1947), p. 156. 

Statement of the Problem. A room of specified dimensions and 
construction is to be heated by convection. The system will be sub- 
divided as follows: 

0 — outdoor air 

w — outside walls, with heat loss 
g — windows, with heat loss 
f — floor, with heat loss 

1 — interior walls, no heat loss 
c — ceiling, no heat loss 

a — inside air, heat loss by infiltration 

For all boundaries of the room, the temperatures will refer to the inside 
surface, as this determines the radiant heat exchange. Ihe design 
outdoor air temperature is 0° F. 

It will be assumed that a “comfort temperature,” can be de- 
termined by the following equation: 

T, = 0.035r„ + 0.090r„ + 0.1257/ + 0.1257,- + 0.1257. -f- 0.5007* 

and this lomporalure is to be 70° F. As we are concerned here with 
method, we will not argue the question whether some better formula- 
tion of comfort conditions could be written. 

* C. O. Mackey, Radiant Seating and Cooling, Part H, ComeQ UmveialT' Eng. Exp. 
Sta. Bulletin 33 (1944). 

*♦ L. T. Wright, Jr., The Sclviion of SimvUaneoye Linear EguaHons hy an Approximation 
Method, Cornell University Eng. Exp. Sta. Bulletin 31 (1943). 
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Start -with Arbitrary T Values. From a study of the dimensions, 
type of construction, angle factors, radiant and convective coefficients 
we can estimate all the appropriate K values. Notv consider equation 
(7—2). There vili be a for the air and a negati’.'e Q', for the outdoors, 
and all other values of Q will be zero in the steady state. If we can 
write the correct values for all the T values, these conditions will be 
satisfied. But we have given only T, and T,. The problem is to ^d 
all the T values and the necessary heat supply. We start the solution 
by writing an arbitrary set of T values, which in general will be wrong, 
and by r-alrilating the corresponding Q values, which in general wiU 
not be zero. 

Now in equation (7-2), note that if we give a variation, AT,, 
Trifl-Ving no other change, it will cause a variation in Q[ 

AQI = iTnl ATn (7-17) 

It will also cause a '•orrc.'ijfrr/.Img change in the Q' for every region 
adjacent to region n. And in region n itself, the change is: 

AO' =-Sir„A7’„ (7-18) 

These equations give a means of adjusting the temperatures, one at 
a time, until the Q values are zero, or as near zero as desired, whereupon 
the temperatures will be correct. 

Computation Scheme. The procedure can best be explained by refer- 
ence to the work sheet, Table 7-2. In the column for Qo, line 2, the 
number 350 is the calctilated value, Kgg. In line 1, the number — 617 
is — SJTo. These, with the other items to line 7 represent the K values 
in the equation 

KgaTg + KtooTiB + KfoTf + KaoTa ~ ^KoTo + Oro = Qo (7-19) 

Tlie items in the other Q columns, lines 1-7, are obtained in the same 
way. The T, column represents the "comfort equation.” We can 
do without the Qo column, as To is fixed. However, we show it here 
as a check on the work, since the heat received by the outside air 
must equal the heat supplied to the inside. 

A convenient way to start this solution is to make all T values 70°. 
Then the system is in equilibrium and all Q values are zero. This is 
shown by the entries in the various columns on line 8. Next we bring 
To to its actual value. This requires a ATo of —70, which is written 
in column To, line 9. Now the Q values must be chained in all regions 
affected by region o. We go up the To column to the X which guides 
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us to line 1. In accordance \rith equations (7-17) and (7-18), we 
multiply the value —70 by each K in line 1 and write the product in 
line 9. On line 10 we sxnn up lines 8 and 9. 

Now we have to choose a point of attack in getting rid of the Q 
values. It is best to take the largest one first, so we try a change of 
—40 in Tg. This change and its effects are shown on line 11, and the 
summation is made on line 12. Note that this last change has affected 
r,. The only way to correct this is to raise Ta, which is done on line 13. 
"We do not attempt to make Qa zero. The final result in that column 
will show how much heat has to be added to the air, w’hich should 
agree with the final value of except for sign. 

Solution. Going on in this way, we get results on line 34 which can 
be improved, if necessary, only by working in tenths of a degree. If 
the present degree of precision is adequate, we can give the following 
answers: 


Surface temperature, windows 

24° F 

it tt 

outside walls 

59 

tc tt 

floor 

56 

tc u 

interior walls 

68 

tt tt 

ceiling 

69 

Air temperature 


79 

Comfort temperature,*^ Tt 

69.8 

Heat required 


25,200 Btu/hr 


Conclusion. It will be seen that the computation scheme can be 
set up for any number of dimensions. Even where the subdivision is 
geometrical, it is often more convenient to use this form than to work 
over a geometrical plot of the system. 

Instead of using the K values directly in the tabular form, one could 
use F values from equation (7-5), and each F„„ would be — 1. T his is 
what Wright (loc. cit.) has done with similar problems. The author 
prefers the scheme shown, because of having arrived at it jrKli‘f)(!nd('ni 1y 
and because it gives Q values directly. This is not a very important 
advantage, and Wright’s setup noay well be preferred. 

Appendix 

Temperattire DiSTEiBTjnoN Through Ground 

pEOBMiM WOBKBD BT J. D. BoTTOBF * AND Y. S. ToXJLOTJKIAN * 

At Purdue University the problem of heat transfer and temperature 
distribution in soils in relation to buried heat sources and sinlrs has 

• School of Mechanical Engineering, Purdue University, Lafayette, Indiana. 
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been investigated. The procedure presented above by Professor 
Dusinberre Tvas adapted successfully to the solution of this problem. 

Background Analysis. From the exact anahdical standpoint the 
problem has been hardly touched. Carslaw and Jaeger * have given 
a solution for the ideal case of the temperature field in the area bounded 
internally by the horizontal pipe of radius a and otherwise unbounded, 
the initial temperature in the area being uniform and the pipe sud- 
denly being raised to and maintained at a different temperature. The 
differential eouation describing the problem and the solution as foimd 
by Carslaw and Jaeger are as follows: 


dv _ I dH , 1 
dt ^ r dr) 


(7-20) 


v = 1 + 


(J Q{ur)N ajud) — Jo(ua)No(ur) \ du 
[ Jliva) -h Nl{ua) ) u 


(7-21) 


The evaluation of this integral in- 
volving Bessel functions of the 
first and second kind is extremely 
tedious and very time-consuming. 

Practical Problem Studied. The 
actual problem of interest involved 
four horizontal tubes placed in a 
square grid at 2-ft centers, 8 ft 
below the ground surface with in- 
itial temperature boundary condi- 
tions as shown in Fig. 7-2. The 
differential equation describUhg 
this case is the same as that in 
the ideal case except for an addi- 
tional variable necessitated by the 
specified boundary conditions. 




The boundary conditions here im- Fio. 7-2. Iothal Geovot) Ta MPEBA-r nEB. 
posed by this practical problem 

render the equation very difficult to solve. To the best of the writers’ 
knowledge no analytical solution of this differential equation is avail- 
able which meets the boundary conditions just described. 


PhiL Mag., 26, 473 (1938). 




iR Three Days. 
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Numerical Solutions. Using the procedure presented by Professor 
Dusinberre, temperature fields were found at six-hour intervals up to 
a total time of three days. The temperature gradients could just as 

25° F 30 35 40 45 50 Surface 25° F 30 35 40 45 50 




Fig. 7-4. Gbadual Recovbst op Gboond Tbmpebatbbbs. 

easily have been found for any other time intervals and for any other 
total time. Three sample temperature fields are shown in Fig. 7-3. 
To find the twelve sets of temperature gradients, ei^t man-hours were 
required for one inexperienced in using a standard calculating machine. 
To find the corresponding temperature fields, for the simplified ideal 
case, required one hundred man-hours when Carslaw’s analjrtical solu- 
tion was used. 

It was also desired to find the changes that took place as a function 
of time in the established temperature fields when the heat sinks were 
eliminated and the earth was allowed to recover toward its initial tempera- 
ture disirUxiUion. This problem has not been attacked analytically 
anywhere in the literature. The method of numerical solutions gave 
the answer to this problem very readily. The results are shown in 
Pig. 7-4. 





CHAPTER 8 


SUCCESSIVE CORRECTIONS — 
A PATTERN OF THOUGHT 

Frank Baron* 


Synopsis. Similarities that occur in various numerical procedures of 
analysis are inspected and discussed. These include similarities in 
physical conditions and in the fundamental groups of requirements 
which must be fulfilled in several fields of mechanics. Analogies which 
result from similar requirements to those of statics and geometry in 
structural mechanics are considered. Various numerical procedures 
are classified according to the order observed in meeting controlling 
requirements. Such procedures also have been classified as to the 
sequence followed in mfl.lnng computations. They have been analyzed 
and compared in the fields of structures, vibrations, and elasticity. 
Additional examples are given in other fields of interest. A discussion 
is included of preferences that may exist in selections of initial esti- 
mates or approximations and of sequences of computations. The rela- 
tion of structural analysis to structural behavior is indicated. 

Correspondence of Crtteeia in Several Fieids 

Much similarity in thought is evident in various numerical proce- 
dures of analysis. Included are similarities m jibysical conditions or 
in fundamental groups of statements that must be satisfied for the 
different fields of mechanics. Analyses of physical phenomena often 
consist of fulfilling requirements of two independent groups of state- 
ments henceforth referred to as (a) and (h). These requirements are 
usually interrelated through another set of conditions or physical con- 
stants (c). Such requirements and interrelations occur frequently in 
Newtonian or causative mechanics. 

Requirements to be Met in Structural Mechanics. These groups of 
statements are well illustrated in the field of structural mechanics. 
The same requirements occur in the theories of elasticity, plasticity, 

* Professor of Civil Engineering, Northwestern Technological Institute. 
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and buckling. In general, structural analysis deals with the following 
sets of conditions: (a) Staiics. For any structure or part of a struc- 
ture, forces and moments must be in equilibrium. (6) Geometry. 
Geometrical fitness of elemental parts requires no unwarranted linear 
or angular discontinidties at any station or about any closed circuit. 
This may be stated in symbolic or mathematical form, and the result- 
ing expressions are commonly called equations of compatibility, 
(c) Statics and geometry are interrelated through the known or assumed 
properties of materials. Such relations may be linear or nonlinear. 
The above conditions may be modified to include Newton’s statement 
relating force with the geometry of motion and of the corresponding 
properties of materials for dynamic conditions of loading. 

Such groups of statements serv'e as bases for de^ismg procedures of 
analysis. Generalized statements or conditions, however, may have 
to be restated more specifically for purposes of organizing the sequence 
of computations. Those who have had an interest in convergence 
procedures recognize that such examinations and restatements are at 
times difficult matters. Examples will be given where the fimdainental 
requirement? have been restated for particular classes of problems. 

Steady Flow in Conductors.^ The following sets of conditions control 
studies of the steady state of flow of fluids or of electric current in net- 
works of conduits or conductors: (a) Continuity of flow. The total 
inflow at a jimction must equal the total outflow. (6) Continuity of 
potential. The total change in potential about any closed path is 
zero, (c) In addition, loss of head and quantity of flow are related 
through known or defined physical constants. These include the prop- 
erties of conductors and of the fluid. Similar statements apply to 
studies of the steady state of heat flow in thermal conductors. The 
concepts (o) of continuity of heat flow and (&) of the total change in 
temperature about any closed path are un(*hMng(-(l. Other constants 
(c), however, are employed to relate flow and drop in temperature. 

Two-dimensional Flow. The requirements for continuous or two- 
dimensional conductors and idealized fluids may be stated symboli- 
cally. They result in Laplace’s partial differential equation, namely. 


ay - 0 

dx^ dy^ 


(8-1) 


Additional examples may be given of problems in two-dimensional 
space governed by Laplace’s equation. These include studies of elec- 


> See page 137 for all references to Chapter 8. 
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trostatic and fields, the steadj’' state of direct current in flat 

plates, and seepage :h:o'.; 2 h earth masses. 

Torsion of Multiconnected Cylinders.^ The following requirements 
and interrelations are observed in problems of the torsion of multi- 
connected thin-walled cylinders: these cylinders may be square, tri- 
angular, hexagons’, or of any cross section that will “nest” together. 

(а) Statics. The quantity of force / “flowing” into a junction must 
equal the quantity of force / “flowing” away from a junction. 

(б) Georr.it-J. Continuity of deformations along a closed path must 
be obser\'ed. This requirement plus the usual assumptions lead to an 
expression commonly called Bredt’s formula, (c) The TclcUion between 
stress and strain is already included in Bredt’s formula given below. 

^ jdL = 2G(xAc (8“2) 

that is, the product of the constant 2Ga and the area Ae within a closed 
circuit must equal the algebraic sum of the products of the unit shears 
f/t and the increments of length dL along the closed circuit. The con- 
stants G and a are the modulus of elasticity in shear and the angle of 
twist per unit of length, respectively. 

The above statements may be modified to include examples of simi- 
larly shaped cylinders subject to flexure only. In this case, an excess 
or deficiency of shear force at a junction may be considered, and also 
a zero value for the angle of twist per unit of length. 

The example of multiconnected thin-walled cylinders subject to tor- 
sion may be studied by use of a stress function, a soap film, or a mem- 
brane. Rigid plates whose surface areas are identical with the cross- 
sectional areas of the cylinders are imagined to be suspended over the 
hollow areas of the cylinders. In addition, taut membranes whose 
horizontal dimensions are defined by the wall-thicknesses of the 
cylinders are considered as being attached to the plates. An inflation 
pressure proportional to the angle of twist of the cylinder is considered 
to be applied Similar groups of restrictions apply here as elsewhere: 
(a) Statics. The total force on each plate due to the inflation pres- 
sure must be balanced by the tensions of the membranes. (6) Geom- 
etry. The transverse slopes of the membranes must be in agreement 
with the respective elevations of the plates. This requires for the case 
of equal wall thicknesses, a “balance” of the transverse slopes at junc- 
tions of the polygonal cylinders, (c) Conditions of statics and geometry 
are interrelated by the accepted properties of the membranes and plates. 
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It is to be noted that tbe preceding requirements of (a) statics and of 
(6) geometry have been interchanged here udth those of (6) geometry 
and of (a) statics, respectively. As stated elsewhere, members with 
a solid cross section may be studied by di\’iding the section into a net- 
work or grid. 

Example of a Riveted Joint. An example of a joint subject to a 
longitudinal tension and consisting of several plates connected by a 
longitudinal line of rivets is considered. An “elastic theory” is 
assumed, for discussion only, to describe adequately the behavior 
of such joints. The structural action of such joints, however, may 
not conform with the conditions of an “elastic theory.” But based 
upon elasticity, the following requirements may be stated: (a) Statics. 
Forces must balance for any isolated part of the joiut. For example, 
the isolated parts may consist of a series of plates bounded by parallel 
sections transverse to the longitudinal axis of the joint or of a junction 
of a plate with a rivet, (b) Geometry. Geometrical conditions require 
that the total change in longitudinal deformations about a closed path 
be zero. A convenient path to consider consists of adjacent plates 
bounded by adjacent rivets. The contributions to geometrical move- 
ments consist of changes in length of plates and shear deformation of 
rivets, since in an “elastic theory” the slip of plates relative to each 
other is usually neglected, (c) By this theory the change in length 
of a plate between adjacent rivets is considered to be proportional to 
the force in the plate, the distance between adjacent rivets, the cross- 
sectional area of the plate, and the elastic properties of the material. 
In addition, the shear deformation of a rivet between adjacent plates 
is considered to be inversely proportional to the resistance of the rivet 
to such deformation. 

Intebchange of Relations between Fields 

Analogies. Membrane analogies and stress functions are often em- 
ployed as aids in obtaining solutions to problems m the theories of elas- 
ticity and plasticity. Analogies also have been devised in the fields 
of electricity and magnetism, heat flow, and fluid flow. In general, 
a.Tifl.1ngrifta occur among different fields as a result of the same require- 
ments for fiiTnilar groups of controlling conditions (o) and (b) and iden- 
tical forms of relations (c) between these groups. Consequently, inter- 
changes of measurements or computations between related fields of 
mechmiics are possible. In the same way, similarities in the require- 
ments of groups (o) and (b) of a given field of mechanics make sub- 
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stitutions of related computations possible within that field itself. 
Differences may then occur in terminology, physical nature of the 
problem, and quantities involved, but not in concept. 

Electrical Analogy for Structural Vibrations. An example may be 
given of the analogj' between simple mechanical structures and elec- 
trical circuits. In this analogy, mass and inductance, spring stiffness 
and capacitance, force and voltage, take identical roles.® In the same 
way damping may be related to resistance, displacement to condenser 
charge, and velocity to current. The dual analogy , with an interchange 
of mass and spring stiffness, force and displacement, is also used. The 
latter interchange is useful in studies conducted solely of mechanical 
systems. It is reported elsewhere to be useful in substitutions of 
measurements in the related fields of mechanics. 

Interchange of Statics and Structural Geometry. Similar relations 
and possible interchanges may be illustrated in the field of structural 
mechanics.* Computations of shears and moments are defined in the 
same way as those of slopes and displacements in problems of geometry 
deahng with minute movements. The contribution of a small angle 
change (curv'ature or minute rotation) to a displacement is computed 
as the product of the angle change and the related distance. By defi- 
nition of such computations, (o) an angular displacement (rotation) 
about an axis may be interchanged with a force in the direction of the 
axis of rotation, and (&) a linear displacement may be interchanged 
with a moment about the axis of displacement. 

Statics requires a balance of forces and of moments. Conditions of 
geometry about a closed path require a balance of angular and linear 
displacements. Thus, computations of statics and computations of 
geometry are interchangeable. (This general concept was developed 
by Professor Hardy Cross. It may be of interest to compare these 
statements with those of a vector algebra.) Such relations have 
resulted in the conjugate beam method of computing movements, the 
conjugate arch, a hydrostatic analogy, a column analogy, and the more 
informal statement of the pressure-line concept. 

Generalization Beyond Structures. In general, the above relations 
may be extended to include the study of curves or surfaces where the 
umts of the ordinates differ from those of the abscissas. The scales 
are then independent of each other and the approximations that apply 
with small angle changes are acceptable in computations of geometrical 

* Discusaioii of the variotis tLeorems of reciprocal rdations cominonly credited to Max- 
well, MuUer-Brealau, Betti, and Bayleigh is omitted. 
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relations. Many such eurv'es and surfaces occur in the different fields 
of mechanics. Several examples may be cited: shear and moment 
diagrams, displacement-time curves, velocity-time cur\'es, acceleration- 
time cur\'es, stress-strain curves, and force-displacement cur\’es. Geo- 
metrical relations for these and for many other curves may be comjnited 
as corresponding statical relations of imagih'^d beams. The cur\'atures, 
slopes, and displacements are treated as imagined loads, shears, and 
moments, respectively. These relationships may be formalized in the 
same way as other procedures of analysis. Such fonnalization includes 
an automatic system of signs and an orderly procedure for recording 
computations. An example of such interchange is indicated in Table 1, 
in which a displacement-time cuiwe is considered. 

Table 8-1. Beam Analogies 


Displacement-time curves 

Analogous beams 

t = time 

tf — U — total change in time 
dt = increment of time 

y = displacement 

dy/dt = slope == velocity 
dry/dt^ = curvature 
= acceleration 
terminal displacements 
terminal velocities 

L « span length 

ds — increment of len^h 

m =* moment 

dm/ds = t; = shear 
dhajdj^ = dvjds ^ w — load per 
unit of length 
end moments 
end shears 

Geometry of motion. The accelerations during a total change in time must 
be “balanced'^ by the terminal velocities and displacements. 

Geometry of small angle changes. The angle changes for any closed path must 
balance. 

Statics, Forces must balance. 


Statements similar to those at the bottom of Table 8-1 apply to 
many other relationships in mechanics. The writer has found such 
interchange of criteria and of computations useful at times in studies 
of other curves and relationships. Certain total and partial differen- 
tial equations,* — several problems in structural vibrations and in the 
kindred subjects of kinetics and kinematics have been inspected in 
this way. In addition, (■<>n\frg< !u<- procedures devised for problems 
of structures have been extended to studies in these related fields. 

* An angle chai^ is related to the oi^ators S^/Sfxdft . Total diffetenlaal 

equations and partial differential equations involving two independent variables may be 
interpreted as defining the geometrical requirements of curves and deflected surfaces, re- 
spectively. 
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It may be noted that the qualities of certain stress- 

functions have been related prewusly to corresponding problems of 
statics.'* 


Obder Obser'\'ED in Satisfying Requirements 

As stated pre\'iously, solutions to problems of structural mechani c s 
must satisfy conditions of statics and geometry 'which are in agreement 
with the properties of materials. Hardy Cross has stated that en- 
gineers have tried continuously to combine successfully these condi- 
tions with existing or conceivable methods of analysis. The various 

methods of analysis” are identical in the above respect, and differ 
only in the sequence and aivangement of computations, and in the 
language employed. The language may be (a) pictorial or graphic, 
(b) S}Tnbo!ic or algebraic, (c) arithmetical, or (d) oral. A pattern of 
thou^t may be obser^-ed in the numerous solutions that have been 
obtained. 

Subdivision of Methods. Formalized procedures of analysis may 
be classified for convenience into one of the following groups as sug- 
gested by H. M. Westergaard: 

(A) A statically possible solution is first considered and is then 
checked for errors in geometry. The method selected for checking 
errors does not make various procedures of analysis essentially different 
from each other. Independent patterns of statically possible correc- 
tions are chosen and combined with the initial estimate of structural 
action. The combination must meet prescribed requirements of 
geometry irrespective of the procedure used in effecting the combina- 
tion. If an algebraic approach is used, the resulting equations are 
those of geometry, the unknowns having been previously interrelated 
through statics and the properties of materials. 

(B) As another approach, an initial solution meeting the prescribed 
requirements of geometry is selected and checked for possible errors 
in statics. Corrections meeting the requirements of geometry are 
chosen and combined with the initial solution. In this case, algebraic 
procedures result in equations of statics, the unknowns having been 
previously interrelated by geometry and the properties of materials. 

Energy Belaiiomhips. (A') Procedures based on obtaining a mini- 
mum of energy by variation of stress may be inspected in the same 
way. Statics and geometry are interrelated by the definition of strain 
energy. A statically possible distribution of forces is observed con- 
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tinuously as the strain energy is varied. The requirement of a mini- 
mum of strain energj” is a requirement of geometrical fitness. 

(B') Energy procedures that consist of obtaining a Tninirrnim energy 
by variation of shape have similar characteristics. Statics and geom- 
etry are interrelated by the definition of a change in total potential 
energy, energy due to position of load, and strain energy. In this 
case, requirements of geometry are continuously considered as shape 
is varied. Conditions of equilibrium require a TniniTrmTn of the total 
potential energy of the structure and its loads. 

Sketching Based Upon Judgment. Other sequences of computations 
may be used in fulfilling requirements of statics and geometry. These 
include procedures consisting of jvMcioits guesses and the necessary 
checks. Procedures also exist in which errors in fundamental groups 
of conditions are successively adjusted by developed techniques of 
sketching. Such techniques are powerful tools of analysis to those 
who possess the art of sketching. This art has been used successfully 
in studies of flow nets in different fields of mechanics.® It is particu- 
larly useful in preliminary analyses for design and in the interpreta- 
tion of structural behavior. 

Examples of such procedures include sketches of deflected structures ® 
and the concept of the pressure line.’^ In the former procedure, 
sketches of deflected structures and of corresponding moments are suc- 
cessively adjusted. An acceptable solution is obtained when the 
distribution of moments is in approximate agreement with the angle 
changes per unit of length and with the properties of the material. In 
the latter procedure, statically possible solutions are successively 
revised; requirements of geometrical fitness are checked after each 
revMon. 

Numerical Convergence. Many procedures of numerical conver- 
gence can be classified into the same categories as those listed above 
for formalized analyses. In general, convergence procedures consist 
of a series of approxunations, checks of possible errors, and adjust- 
ments of errors. Differences, however, occur in the order observed in 
meeting the fundamental groups of requirements. In structural 
solutions have been devised continually meeting the require- 
ments of geometry and successively adjusting the errors in statics. 
Moment distribution described in Chapter 1 is one example.^ Other 
procedures have reversed this order, for example, the distribution of 
angle changes at the joints.^ Procedures have been devised, also, in 
wMch the ini tifll estimate satisfies requirements (o) or (6) but with 
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errors in the other. These errors (say in (c)) are corrected, disturbing, 
however, the requirements of (6). Succeeding computations alter- 
nately correct the errors introduced to one group by the corrections 
to the other group. 

Geometrical Requirements Preserved in Numerical Analysis. In 
moment distribution the initial estimate of moments is made by con- 
sidering a solution consistent tcith the requirements of geometrical 
continuity. In the case of no translations of joints, all members of a 
frame are considered to be initially without rotations at their ends. 
The errors in statics occurring at each joint are successively corrected 
until an acceptable balance of moments is obtained at each joint. 
The patterns of corrections, however, preserve the requirements of 
geometry rhi’oughout the entire procedure of analysis. 

A seemingly endless number of extensions of this procedure have 
been de^Tsed permitting any combination of joint rotation with joint 
translation. These extensions, however, have the common charac- 
teristic that at each stage of the procedure the selected patterns satisfy 
requirements of continuity. They may differ in the choice of initial 
patterns, in the sequence chosen for successively correcting the errors 
in statics, and in the elemental parts selected for checking such errors. 
For example, the selected elements may consist of joints of planar or 
nonplanar structures, of closed circuits or panels, or of structural parts 
Ijing between parallel sections. 

Adjustments to Meet Statics. Errors in statics may occur either 
in the balance of forces, the balance of moments, or of both. Un- 
balance in moments may occur at joints of structural frameworks, or 
along edges or supports of continuous slabs.^® Unbalanced forces may 
be illustrated by imbalance of cable tensions at the tops of suspension 
bridge towers, of horizontal thrusts and moments at the ends of arches 
on elastic piers, by deficiencies of shear in panels of open-web girders, 
or of horizontal shears between floors of building frames. In addi- 
tion, errors may occur in the balance of forces at joints of multiple 
intersection trusses or at intersections of imagined lattices, grids, or 
networks approximating continuous media. Several procedures de- 
vised for solving problems of plane stress belong in the latter grouping. 

Differences between numerical methods may be observed in the 
sequences that have been suggested for successively correcting errors 
in statics. Direct and indirect methods of analysis have been devised. 
In addition, different patterns and sequences are possible for cases 
where forces only, moments only, or both are successively balanced. 
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In each of these cases, displacement patterns are considered in which 
requirements of geometrj* are always satisfied. 

Requirements of Statics Preserved in Numerical Analysis. Many 
related procedures have been presented wherein the initial guesses and 
successive corrections preser\'e the requirements of statics. Corre- 
sponding conflicts of geometry are inspected and successively corrected 
until an acceptable degree of geometrical fitness is obtained. As 
stated previously, geometrical fitness requires no unwarranted linear or 
afigular discontinuities at any station or about any closed circuit. Differ- 
ences between numerical methods may be observed again in the choice 
of initial guesses, patterns of successive corrections, and in the circuits 
or elemental units selected for checking errors in geometry. Illustra- 
tions may be given of analyses where successive adjustments have been 
made of angular discontinuities over the supports of continuous girders, 
of linear discontinuities in members of multiple intersection trusses, 
and of linear and angular discontinuities in adjacent closed circuits of 
structural frames.^ In addition, linear discontinuities of imagined 
lattices or networks approximating plates or other continuous media 
have been successively adjusted. 

Examples in Other Fields. Membranes and certain stress functions 
in the theory of elasticity have been studied as problems related to the 
geometry of deflected surfaces. Partial differential equations involv- 
ing two independent space variables may also be interpreted as defining 
the gc-oTnoiricjil requirements of deflected surfaces. Examples are 
Laplace’s and Poisson’s equations in two dimensions, Prandtl’s stress 
function, and the equations of membrane analogies for problems of 
torsion and for fluid flow. Additional examples include Airy’s stress 
function, Nadai’s stress function for slabs, and the related stress func- 
tion of Carothers for slices. The deflected surface must meet the re- 
quirements of a governing equation and the boundary conditions at 
one or more curves limiting the extent of the region. Desired variables 
are usually relaied to the displacements, slopes, or curvatures of the mem- 
branes or of the stress functions. 

Lattices. Several numerical procedures have used imagined lattices, 
networks, rosettes, and taut strings to approximate the desired deflected 
surface.^ Such procedtues are often related to problems of structural 
analysis. A close inspection is usually needed of the geometrical 
requirements at the boundaries or over prescribed regions. In addi- 
tion, the required loading at intersections of lattices or over elemental 
areas must be examined. Solutions are then obtained for the deflected 
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lattice work which satisfy conditions of statics and of geometry. 
Forces for any isolated part of the imagined lattice must he in eguilihnum, 
and geo7h.etr:cCi fitness at any station or about any closed circuit must he 
obtained. In one such tj’pe of analysis the selected displacement pat- 
terns continually satisfy conditions of geometry, and the unbalances 
in forces are successively adjusted. Procedures also exist in which 
statics is continually satisfied and the geometry of displacement is suc- 
cessively corrected. 

Problems of closed traverses invohung requirements of geometry 
alone have been studied in the same way. Conditions of “balance” 
for linear and angular displacements have been considered as inde- 
pendent requirements interrelated through the definition of an angle. 

Sequences of Computations Used in Analyses 

Some distinctions exist in analyses that may be classified for con- 
venience as procedures of successive approximations, corrections, judi- 
cious guesses, iteration or step-by-step procedures, and total correc- 
tions made in a single step. These distinctions depend on the sequence 
of computations used in ..’■'.•■.If’iig solutions. 

Successive Approximations. Solutions may be obtained by adding 
a correction to an approximation and treating the revised answer as a 
new estimate of physical behavior. The procedure has the advantage 
that arithmetical errors are not cumulative and, if made, are observable 
and ultimately eliminated. In addition, if the convergence is unsatis- 
factory it may be improved with a little judicious gue.s?ing. Immedi- 
ate scale is often obtained of quantities involved and the ^al answers 
sensed before the computations are concluded. The procedure lends 
itself to studies of nonlinear relalionships. 

As an example consider the buckling of structural members and 
frameworks. A deflected structure is assumed and a revised estimate 
of the deflected shape is obtained from computations making use of 
moments consistent with the initial shape. This is possible when the 
relation between moment and angle-change per unit of length is known 
for various degrees of axial load. This sequence of compulations is 
repeated until statics and geometry are in agreement or until total yielding 
is reached. A similar procedure has been used in studies of the natural 
modes of vibrations of mechanical and structural systems and is 
usually credited to Stodola.“ 

Several differential equations have been studied by the writer and 
a numerical procedure devised in which a curve is first approximated 
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? a solution. The apprcximaticn is investigated by use of the govem- 
ig equation and a solution is obtained through a sequence of successive 
pproximations. This procedure may be studied mathematically, and 

leads to solutions expressed in series form. 

Successive Corrections. Instead of computing re\Tsed totals after 
ich pattern of corrections, it may be expedient to correct only the 
rrors introduced by the preceding set of corrections. A sequence 
lay be chosen wherein each initial error is corrected by an amount 
qual to the error. The individual pattern of corrections, however, 
eeds to be inspected as these revdsions may introduce a new set of 
rrors elsewhere. Each set of errors is successively adjusted and dis- 
dbuted as pre\dously. Convergence may be helped at times by a 
idicious choice of over-corrections. 

These procedures may have the advantages of dealing with smaller num- 
ers and of not repeating certain computaiions. Orderliness in the 
elected sequence of computations and in recording them is usually 
nportant. In addition, arithmetical errors should be readily observ- 
ble and easily eliminated. The procedure may be made one of suc- 
essive approximations by stopping the distribution at desired stages 
nd obtaining totals. 

Many examples of distribution procedures could be classified here, 
icluding those of successive relaxation of constraints. Successive re- 
ixation of constraints may be interpreted at times as successive cor- 
3ctions of errors in statics.^^ The procedure has been used also in 
tiudies in the theory of elasticity. Solutions to some problems have 
een devised by additions of stress-fimctions which successively cor- 
set certain errors introduced by the preceding function. In addition, 
here are methods for obtaining solutions to linear simultaneous 
quations “ and to certain total differential equations that are of this 
haracter. 

Successive Guesses Based upon Judgment. An important pro- 
edure of analysis consists essentially of a series of guesses based upon 
iidgment or experience. Judgment is checked against the reqriired 
ohditions of the physical problem. If the requirements are met, then 
bviously the guess is correct. If the initial estimate is inaccurate, 
nother guess may be made and checked. Each guess is tempered by 
he judgment of the computer, the preceding set of computations, and 
he need for making such computations. The procedure may be 
rude, informal, and may not lend itself to standardization. These 
haracteiistics do not necessarily detract from the value or the power- 
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fulness of the procedure. It may be noted that the procedure permits 
the full exercise of iudgmc-nt and a continuous close inspection of the 
physical nature of a problem. It also lends itself to the further de- 
velopment of judgment. It is an important tool of analysis in the 
hands of a Ic^icicr. An approximate answer is often all that is needed 
in checking: designs or •cmparine structural t3T)es. 

Examples of the Use of Judicious Guesses. This procedure has been 
used in computations of natural frequencies of undamped vibrations, 
and also of displacements of forced \dbrations. It is then usually 
credited to Holzer.^® The same sequence is used in the concept of the 
pre^ure line. An additional example may be mentioned of a graphical 
procedure for analyzing continuous girders. The procedure has been 
presented in textbooks of graphic statics. It is suggested that a guess 
first be made of a solution satisfying statics. Then a deflected struc- 
ture should be drawn formally which is in agv(;cn‘.ciii with the resulting 
bending moments and the properties of the material. It is further 
suggested that successive guesses be made until the geometrical pic- 
ture is considered acceptable. 

Iteration or Step by Step. These procedures are similar to numerical 
methods of integrating a differential equation. In numerical methods 
of integration a curve is traced. The value at each successive station 
is defined by its relation to the preceding step. Many problems in 
mechanics may be studied in the same way. It is preferable in these 
cases to consider the physical nature of the problem. In addition, it 
is important to define the interrelation of the variables. 

The procedure of iteration is illustrated by an example in the study 
of vibrations; namely, a mechanical system with a single degree of 
freedom and with known conditions at a particular time. The changes 
in' geometry with respect to time may be obtained through Newton’s 
statement relating force and acceleration if the exciting force, damping 
characteristics, and the accepted propcirtio.^ of materials for static and 
dynamic conditions are known. By considering small increments of 
time, each successive force, deformation, displacement, velocity, and 
acceleration may be computed. 

The procedme of step-by-step analysis may be illustrated with the 
usual graphical procedure for tracing a deflection curve of a loaded 
beam on simple supports. Values of the angle changes along the beam 
are considered to be known. An initial estwwle is made of the rotation 
at a support and then, step by step, the curve is dravm between supports. 
If needed, the initial estimate of the end rotation is corrected. A 
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numerical procedure, however, may be substituted for these graphical 
computations. 

Corrections Made in a Single Step. Certain problems in structural 
analysis lend themselves to a procedure consisting of an estimate and 
a single set of corrections to the initial estimate. An obvious example 
is that of the analysis of a structure with but one degree of statical 
indeterminateness. Other examples include numerical procedures 
consisting of established or tabulated computations for a single install- 
ment of corrections. These procedures are illustrated by the column 
analogy, the hydrostatic analogy, and the neutral point method. 

The concept of adding a single correction to a first approximation 
has had other uses, however. It lends itself to qualitative and quanti- 
tative studies of certain forms of questions raised by engineers. It 
is used often by designers of structures in their preliminaiy studies of 
structural beha\'ior. For example, computations may be made at 
times by some convenient theory which includes the effect of important 
variables. In addition, the simple theory may yield an immediate 
scale of quantities involved. If desired, a correction may be added 
to include the effect of neglected factors or to extend the results into 
those of a more “exact” theory. 

Single Corrections to an Approximate Theory. The procedure of 
computing resiilts through a simple theory of mechanics and adding a 
correction to extend the results into those of a theory of elasticity or 
of a theory of plasticity is frequently useful. The writer has used this 
concept in correlating the effects of plasticity with an elementary 
theory of mechanics.* These effects are computed first through the 
ordinary theory of mechanics. Then a single pattern of corrections 
is added to extend the results into those of a theory of plasticity. For 
example, the stress s in a fiber of a cross section subject to an axial 
load and a moment is computed as 

s = So d- Se (8~3) 


where So is the stress defined by the ordinary theory of mechanics, 


P , Me 

So = T ± 


(8-4) 


and So is a correction stress to account for the nonlinear stress-strain 
relationship of the material. Several problems in the theory of elas- 
ticity have been studied in the same way. Differences in results of 
the theories then appear as corrections to the simple theory of 
mechanics. 
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Other Influences upon Choice of Method. A discussion of advan- 
tages among numerical procedures has been given. Objections may 
also be cited, as some procedures do not lend themselves to studies of 
certain forms of questions. In addition, certain convergence proce- 
dures may not be practical unless required constants have been stand- 
ardized or are easily available. The follo''.vmg factors also influence 
choice: 

Order. Selection may depend at times on the order preferred in 
meeting some requirements and adjusting the errors in others. In 
structural analysis, if relations in statics such as moments, forces, or 
stresses are of fet interest, procedures continually satisfying geometry 
are usually preferable. It may be desirable to use procedures contin- 
ually satisfying statics if displacements are of first interest. 

Sequence. The selection of a sequence of computations may depend 
on speed of convergence, ease in recording and preceding 

computations, and elimination of repetition. The choice may depend 
at times on the possibilities of revising the sequence itself, of intro- 
ducing variations in dimensions or in properties of naaterials, or in a 
simple physical interpretation of numerical terms. 

Interpretation of Structural Action. The nature of analytical studies 
or numerical procedures may depend on the interpretation of structural 
action, as weU as the initial estimate of dominating characteristics of 
structural behavior. This may be illustrated by coniparing the be- 
havior of the following structural types: (a) A rectangular frame with 
large values of depth-to-length ratios of all members, as contrasted to 
a frame with small values. The effects of continuity may be a small 
factor in the former case. (6) Tall building frames with large values 
of column-to-girder ratios of stiffness and those with small values. 
Comparisons of structural action for extreme cases may weU be of 
particular interest in studies of wind stresses. For example, it may 
be desirable to study for each extreme case the effects of slight changes 
in the ratios of relative stiffnesses on the values of the lateral move- 
ments. (c) Vierendeel girders with different values of depth of top 
chord to depth of bottom chord. In addition, it may be desirable to 
compare the behaviors of such types when the columns are either 
extremely stiff or flexible relative to the chords. 

Primary Stresses and D^ormation Strains. The nature of analytical 
studies also depends on whether an effect is due to a source of stress or 
a somce of strain. A natural distinction exists between these sources 
and their effects. Primary stresses in a structural member are a result 
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of load. Deformation strains are a consequence of internal or external 
movements of the structure. Examples of sources of strain are abut- 
ment movements, differential settlements, shrinkage, temperature 
changes, and residuals. Secondaries or participation strains resulting 
from movements caused by primary stresses or by interaction of mem- 
bers are also included. Thus, load dominates as a source of stress, 
and the geometry of movement as a source of strain. ]Methods of 
analysis may be chosen dealing directly in terms of statical relations, 
or in terms of geometrical relations to fit the source of structural action. 
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NUMERICAL METHODS OF ANALYSIS OF 
BARS, PLATES, AND ELASTIC BODIES 

X. jM. Xewmakk * 


Scope of Text. Ttiis chapter is a survey of the approaches to numer- 
ical or arithmetical methods of stress analysis as distiuct from the more 
formal analytical methods. The general philosophy and basic tech- 
niques of iterative procedures, step-by-step methods, relaxation, and 
continuity restoration are considered in relation to a variety of prob- 
lems, and attention is given to means for obtaining increased accuracy 
with numerical methods. Some of the methods described have been 
developed by the writer and his associates in the Engineering Experi- 
ment Station of the University of Illinois as part of the work on coop- 
erative research projects sponsored by the Office of Naval Research, 
the Dawd Taylor Model Basin, the Public Roads Administration, and 
other agencies. 

Approacobces to Numerical Methods of Anaetsis 

Distinctive Features of Numerical Methods. “NumericaV’ methods, 
as distinct from “analytical” methods, deal with the numerical valves of 
the significant variables at all stages of the computation. Formulas 
expressing the dependence of one variable on others are consequently 
not obtainable generally by these methods. On the other ba.r>d^ varia- 
tions in material properties and boundary conditions that are often 
impossible to consider by formal methods may usually be considered 
quite readily by the cruder but more adaptable and flexible numerical 
methods. 

In many respects numerical procedures are like experiments: to find 
a functional relationship, for example, one may have to solve a series 
of problems and examine or plot the results. The dangers involved in 
such a process are obviously great, and the required amount of cal- 
culation may be enormous. However the new computing devices now 

* Eeseareh Professor of Structural En^eerii^, University of TTHnnia 
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being developed make it possible to cam* out calculations that hereto- 
fore have offered almost impossible dim:--:!*.;.-, Alethods that in the 
past migh t have been too lengthy for consideration may yet prove to 
be the most satisfactory for high-speed digital computers. 

Iteration and Step-by-Step Calculation. Xumerical methods may 
in general be divided into several types, and ob\*ious distinction can 
be made between those based on mathematical concepts and those 
based on a physical action or analogy. However, these groups over- 
lap. From the mathematical point of \iew the following are fairly 
clearly separable; 

(o) Iterative Methods — in which an assumption is made of initial 
values, reasonable or otherwise, of the significant variables, and these 
values are then modified systematically imtil a stable set of values is 
obtained. These methods have the advantage that in many problems 
a reasonable starting point is available, and the corrections are rela- 
tively small and quickly carried out. 

(6) Step-by-Step Methods — in which a start is made at some known 
point and values are computed successively in steps from this point. 

In general these methods are similar to procedures for the solution 
of sets of simultaneous equations. However, the equations need not 
actually be written down in order that the methods be apphcable. 

Physical Methods and Analogies. From the physical point of view 
a classification can be set up in terms of the methods and concepts of 
stress analysis of a structure: 

(а) Uelaxation — in which the structure is at all times maintained 
in a continuous state, but statical equilibrium is gradually achieved 
by “liquidating” undeshed “residual” forces by patterns of joint 
displacements. 

(б) Continuity Restoration — in which the structure is at all times 
maintained in a state of equilibrium, but certain internal (or external) 
discontinuities are permitted. These are gradually liquidated by 
suitable statically self-balanced systems of forces without affecting the 
equilibrium. 

(c) Trial Loads — This procedure which has primarily been used 
for arch dam analysis is a variant of the continuity restoration scheme 
in which the discontinuities are eliminated as much as possible by 
selecting component loads (for arches and cantilevers) from a previous 
study of such loadings. 

These methods may be used in other problems than the analysis of 
a structure, in which case the vario\is aspects of the methods may be 
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considered as a-iiiil-M-'is.-.'. These procedures generally fall into the 
catecorj' of iterative methods, but they may equally well be used in 
step-bvUtep analyse--. For example, the well-known method of 
moment distribution, due to Hardy Cross, is a special type of relaxa- 
tion procedure, and the ordinary use of the method involves the 
iterative nrir. ipl-.-. However, the so-called ''direct distribution” 
methods are essentially step-by-step procedures. 

Variational Procedures. Finally, a distinction must be made be- 
tween those methods which involve operations on elements, and those 
■which involve operations on the whole. The methods described in the 
pretdous paragraphs are all of the former type. The latter type in- 
clude methods such as energy methods and procedures invohTng the 
Tyii-i.imiTir.q; of Certain functions of the errors in a set of equations. 
Important examples of such "variational” methods, in addition to the 
methods of TniniTmim potential energy, and the method of m i n i mum 
complementary energy,^ are: 

(а) Collocation — where the errors are made zero at a number of 
arbitrarily selected points only. 

(б) Least squares — where the integral of the square of the error is 
made a miniTmiTn, and 

(c) Other nvethods, including weighted least squares, Galerldn’s 
method, etc. 

These methods do not necessarily involve numerical procedures, but 
they can be used numerically and they can often be related to the 
more direct numerical processes. Also, the techmque of relaxation can 
generally be used with these methods. 

Types op Peoblbms 

“ Discrete Joint ” Problems. In problems having a finite number of 
degrees of freedom, where values of a significant variable are to be 
determined only at discrete points or "joints,” the solution has a direct 
mathematical counterpart in terms of a set of simultaneous equations 
which may or may not be linear. So-called "exact” solutions may 
be obtained for these problems if the equations are not ! ■, cd. 

The form of the equations determines the type of numerical procedure 
best adapted to the problem. The only approximation involved in 
the solution is that inherent in the mmaerieal process used; in general, 
convergent processes may be carried to as great a degree of accuracy 


1 See pa^ 167-168 for all references to Chapter 9. 
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as desired. The analyse? of framework? or a??enJ:!age? of bars with 
or without flexural resistance fall into this classification. For conven- 
ience, such problems are described here as “discrete joint” problems. 

In general, the ordinary numerical methods are adaptable only to 
discrete joint problems (including analogies), and the variational 
methods to problems invobing continuous values of a variable, or 
“continuum” problems. However, ntimerical methods may often be 
used in variational procedures. 

“Continuum” Problems. Problems in which a variable is to be 
determined over a whole region generally involve differential or inte- 
gral equations which may or nmy not be linear. These “continuum” 
problems in certain cases may be solved “exactly” by means of the 
variational procedures, but the strictly numerical methods cannot be 
applied directly. Two principal techniques are available for the appli- 
cation of the ordinary numerical methods to continuum problems: 

(o) Matherrudically, by the substitution of finite differences for 
derivatives, or in general, by the approximation of the continuum 
problem with a discrete joint or nodal system. 

(6) Physically, by a lattice, framework, or other structmal or 
mechanical (or electrical, etc.) model. This physical analogy to the 
actual problem is not an exact one, but it may be made as acctirate as 
desired except where discontinuities or singularities are involved. 

The two techniques are related; it is often possible to develop a 
mechanical model for which the exact solution leads to the same equa- 
tions that are obtained by means of the finite difference procedure 
applied to the continuum. 

Articulaied Models of Beam. Consider, for example, the determina- 
tion of the deflection of a beam subjected to a given loading. The 
ordinary first-order finite difference substitution for the derivatives 
leads to a difference equation analog for the differential equation of 
the elastic curve of the beam. However, precisely the same difference 
equations are obtained for the rigorous analysis of a structural model 
that resembles the given beam. The model is made up of perfectly 
rigid linka connected by deformable hinges. The amormt of rotation 
at a hinge is proportional to the moment at the joint and inversely 
proportional to the values of modulus of elasticity and moment of 
inertia of the beam at the point. Loads are considered to be applied 
only at the joints, 

Articulaied Model of Plate. An extension of this model leads to a 
representation of a plate. The physical model for the plate is shown 
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in Fig. 9-1. In order to arrive at the same equations which are yielded 
by the difference equations approach, coil springs are introduced in 
the model to carry the twisting moments. The upper part of Fig. 9-1 
shows the make-up of the model at a free edge of the plate. The rigid 
linlfs are only half as wide as elsewhere, and the coil springs on the 



outer surface are omitted. This model leads to consistent relations at 
all joints, including those at the edge of the plate, and its analysis 
gives precisely the same equations as those derived from finite differ- 
ences.® The use of the model offers certain advantages: there is no 
ambiguity concerning the conditions at a boimdary; statical checks on 
the results have a physical meaning and can he made more accurately; 
variations in dimensions and physical i)ropcriic.'= can be more easily 
treated. However, it is not convenient to develop a model which 
represents the same conditions as a higher order difference equation 
analog. 

Similar models can readily be derived for other problems. A net- 
work of strings, for example, leads to the difference equation analog 
for a membrane. And a model similar to that shown in Fig. 9-1 with 
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the coil springs replaced by a linkage to resist shearing stresses, leads 
to the difference equation analog for Air 5 ’’s stress function for plane 
stress or strain. 

Probable Errors. It must be emphasized again that the numerical 
analysis can be made as accurate as desired for the analogous problem, 
but some error is always involved in representing the continuum by 
a discrete set of points. This error can be minimized m various ways, 
some of which are considered in detail later: (a) by t aking more ele- 
ments or joints; (b) by extrapolation from several solutions for the 
same problem invol-.-ing different spacing of joints; (c) by modifications 
of the original data, or by modifications of the computed results to 
correspond more closely with relations apphing to the continuum. 
However, probably the best approach when it can be followed is to me the 
numerical procedure only for the purpose of computing a correction to or 
a variation in a standard solution. 

Independent Variables. The difficulty of solution of a problem in- 
creases materially with the increase in number of independent vari- 
ables. For example, the stress analysis of a bar, rod, or shaft, even 
for instability problems or for steady state vibrations, is a fairly simple 
matter. Any of the procedures described may be used for such prob- 
lems witb different degrees of accuracy and speed, but in general they 
all lead to solutions in a reasonable length of time, and the solutions 
can be made fairly accurate. 

However, problems involving two variables, such as plates or plane 
stress and strain problems, or problems invoKing the transient re- 
sponse of a string, bar, or shaft to an impulsive loading, in which time 
is the second variable, are much more difficult. In these problems, 
the relative usefulness of the different methods shows a greater spread: 
in some of the cases certain methods do not converge to a solution at 
all. However, such problems have been successfully solved by both 
numerical and variational procedures. 

Three-Dimensional Problems. The next stage in difficulty are prob- 
lems involving the time response of a two-dimensional system or the 
static behavior of a three-dimensional body. These problems are 
extremely difficult and few have been successfully attempted by numerical 
means. Certain special problems which involve symmetry with respect 
to one or more variables can be reduced to a problem involving only 
two independent variables and have been successfully attacked. 

Techniques for Reduction of Number of Variables. Under certain 
conditions the number of variables which are required to describe the 
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beha\’ior of a body may be reduced, pein-ttiiig a simpler treatment of 
the problem. In addition to those problems in which considerations 
of tyzDZLe^ry permit a reduction in the number of variables, there are 
others which are of the type where a particular form can be assumed 
for the solution. In this class of problems one may also include those 
in which the variables are separable. This is the case in general for 
steady state harmonic vibrations of linear systems. In such problems 
the dependence of the response of the system with time can be stated 
in a form independent of the conSguration of the system. This effec- 
tively reduces the number of variables by one. 

Another example concerns the flexure of elastic plates in which two 
opposite sides are simply supported. Practically any condition of sup- 
ports on the other two sides may be treated, including elastic supports 
on beams or continuity over flexible beams, etc. If the edges at a; = 0 
anrt at x = o are simply supported, the deflection function for the 
plate may be assumed as a trigonometric series in x, with each term 
multiplied by a function of y. The partial differential equaiion govern- 
ing the deflections of the plaie becomes then an ordinary differential eqvon 
tien in y. Each of the functions of y can be evaluated separately; this 
evaluation can be made by numerical means even when the formal pro- 
cedures become too complicated for success. 

Special Cases. Under certain conditions this same technique can be 
used for buckling and for vibration problems. However, the method 
is not universally useful since many of the most important practical 
problems do not meet the conditions which are required for these 
techniques to apply. 

In certain, types of axially symmetrical problems where the loading 
or constraint varies with regard to the angle of rotation about the axis 
in a regular manner, for example as sin 2<a:, a reduction in the number 
of variables from 3 to 2 may also be effected. However, at circum- 
ferential boundaries in such problems, it may turn out that unwanted 
residual forces appear. This is the case in certain plate problems. 
However, a correction may often be made to account for the three- 
dimensional conditions at or near the boundary where the difficulty 
occurs. 

Characteristic-Value Problems. Many problems which are of prac- 
tical importance, such as problems of instability, natural frequency of 
vibration, and others have the property that other than trivial solu- 
tions exist only for specific values of some parameter. Since this 
parameter affects Ihe coefficients goncrnlly in the equations which gov- 
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em the action of the structure, special techniques must be set up for 
these problems. The values of the parameters for which solutions 
exist are called ‘‘characteristic” values or “eigen” values, and the config- 
urations that correspond to the parameters are called “characteristic” 
functions or “eigen” functions. 

Example of Budding of Bar of Variable Cross Section. As a specific 
example of such a problem consider the buckling of a simply supported 
bar of variable cross section. Either the iterative procedure or the 
step-by-step procedure may be applied. By the step-by-siep method 
an assumption is made for the characteristic value, and the step-by- 
step processes are carried through to observe whether the boundary 
conditions that are required to be consistent with this assumption are 
those which correspond with the actual conditions in the problem. If 
they do not, a new assumption is made and the process repeated. An 
interpolation or extrapolation from the values obtained in the stages 
of the analysis leads to a better result each time. 

With iterative procedures, an assumption is made regarding the con- 
figuratlon of the system and values of the characteristic function 
required to sustain this configuration are computed. These values 
will in general differ for the different joints in the structure. If they 
are nearly alike, the assmned configuration is nearly correct. In most 
problems of this type the procedure by which better guesses may be 
made is fairly clear. An outline of the methods applicable to the 
problem of buckling of bars is contained in one of the author’s papers.® 
In some problems the combination of the two procedmes is necessary 
or desirable. This is often the case when relaxation procedures are 
used for buckling or vibration problems. 

Generalization. In general for mixed problems in which ordinary 
loads fl-tid constraints are acting on the structure, the magnitude of the 
quantity that corresponds to the characteristic value is known and 
the problem is solved in the usual way. Siich problems are generally 
nonlinear but the nonlinearity extends only to the effect of the character- 
istic value, and most of the methods that are available for treating linear 
problems are applicable to these problems. 

In passing, it might be mentioned that many ordinary problems 
which are generally considered to be of the usual type have certain 
properties that are similar to characteristic-value problems under par- 
tictilar conditions. For example, the problem of deflection of a bar 
on elastic supports leads to a characteristic-value problem when the 
bar is subjected to no external load, if the spring constants for the 
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support^ can become negative. L’nder these conditions, a particular 
value of the spring constant can correspond to a deflected position of 
the structure, although the position ■which gives zero deflection is also 
a position of equilibrium. 

iTEKAxrvE [Methods 

Successive Approxunations. The iterative procedures for numerical 
ar-sIv^Ls mav perhaps be most clearly explained ■with reference to an 
example. Consider the structure shown in Fig. 9-2, which represents 
a system of strings a unit distance apart in both directions, crossing 
each other at right angles. The horizontal component of string ten- 
sion has a value of unity, the strings are coimected together at their 
junctions, and the deflections of the strings around the boundary are 
assumed to be zero. It is desired to find the deflections of the nodes 
or joints where the strings cross each other, for a load of magmtude 
P = 1120 at the comer intersection a. In Fig. 9-3 is shown an ele- 
ment of the string removed for examination. Since the string tension 

must act in the direcfion of the 
string, the vertical component of 
the string tension in any panel is 
equal to the relative deflection of the 
string in that panel, as indicated 
on the diagram. 

T 

1 

i 


Fig. 9-2. Nbtwobk of Stbutos. Fig. 9-3. Element of String. 

For the time being, we shall consider this problem for its own merit 
and not as a representation of some other problem. Actually this net- 
work of strings can represent reasonably well the conditions in a mem- 
brane having a constant surface tension, provided that the deflections 
considered are relatively small. However, the assumptions that we 
have made in setting up this particular problem do not limit us to the 
consideration of small deflections. We have assumed that the strings 
remain a unit distance apart even though they deflect, and it is further 
assumed that each joint or node remains in the same plane as the other 
joints on that particular string. 
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Numerical Calculations for Crossing Strings. The calculations for 
this problem are so simple that they will not be given in detail. How- 
ever, the method used is described in order to permit comparisons of 
the philosophy and techniques invoh'ed with the different procedures 
that may be used for this problem. 

The calculation is carried out in the following way: 

(а) Initial values of deflections are assumed at all of the joints, a, b, 
c, d, etc. 

(б) New values of the deflection at each joint are computed from 
the load on that joint and the deflection of the four surrounding nodes 
on the strings crossing at that joint. 

This calculation is made from the equilibrium condition which can 
be derived from Fig. 9-3, as follows: The load on any point is the sum 
of the shears in four strings meeting at that joint and this is, in turn, 
equal to the difference between 4 times the deflections at the joint con- 
sidered and the sum of the deflections at the four surrounding joints. In 
other words, where represents the deflection at a point such as n, 
this relationship is ejcpressed as follows: 

Pe = 4We — Wb — Wf — Wh — Wd (9-1) 

In this equation P« represents the load at point e. At each point the 
values of the loads are known; consequently, equation (9-1) can be 
solved for the corrected deflection of the joint in terms of the four sur- 
rounding deflections and the load at that joint. The procedure is 
straightforward and, in this problem, will eventually converge to an 
answer which represents the final equilibriiun condition of the structure. 

Liebmann Procedure. This procedure may be speeded up consider- 
ably if one uses the newly obtained values in each calculation as 
rapidly as these new values are obtained. This is the so-called Lieb- 
mann procedure.'* 

The advantages of this procedure are: 

(a) That the work can be set up systematically, and it can be carried 
out by a computer or by an automatic calculating machine. 

(5) No judgment is necessary after the problem is set up and the 
solution is started. 

(c) Errors in intermediate steps are corrected as the calculation pro- 
ceeds providing that ■the errors are not in the relationships that are 
used between the loads and the deflections at the various points. 

The disadvantages of this 'procedure are the slow rate of convergence in 
many cases and the possible lack of convergence. 
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The process is applied in about the same fashion when the relation- 
ships involved are not linear. This would be the case if, mstead of 
ha\Tng a constant horizontal tension in the string, the actual string 
tension remained at a unit value. However, the question of conver- 
gence in nonlinear problems becomes somewhat more complicated. 

Successive Corrections. The successive approximations techmque 
may be used with a slight modification in which one keeps track only 
of the changes in deflection at each point. This procedure requnes 
the Eissumption of a set of original values, and the subsequent compu- 
tation of the increment in deflection at each point from the preceding 
set of values. With this technique the order of calculation of succes- 
sive steps must be fixed in order not to lose track of any of the incre- 
ments; in general, the procedure can be modified so as to use the 
latest value at each point. 

This procedure has the advantages 

(a) that it deals with smaller numbers, 

(&) that extrapolations to a final value can be made from the trend 
of intermediate results, and 

(c) that the process can be fairly easily systematized for calculation 
by relatively inexperienced computers or by means of automatic com- 
puting machines. 

The disadvantages of this 'procedure are that the errors in any one step 
affect aU siibseguent calculations and produce errors in the final results. 

Many of the relaxation or distribution procedures that are commonly 
tised foUow along either one or the other of the two methods that 
have just been described. In general, the true relaxation or pliy^i.-jil 
analogy methods involve only a difference in concept rather than a 
difference in method from the more abstract mathematical procedures. 

Convergence. In nonlinear problems the method of successive cor- 
rections cannot generally be used, since increments in deflection are not 
proportional to increments in load in such problems. However, the 
method of successive approximations can almost always be used, even 
in nonlinear cases. It is obvious that each successive approximation 
must produce a result nearer the final answer in order for this method 
to be usable. Otherwise, modifications must be made in the proce- 
dure in order to obtain a convergent result. 

Divergence. When the sequence of successive approximate values 
does not converge to a limit the divergence may be regular and of such 
a natine that a better value can be derived. This occurs in particular 
when an oscillatory divergence is obtained. This condition is reached, 
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for example, in such problems as the determination of deflection of a 
bar subjected to lateral loads and to axial tensions when the a vial ten- 
sion is numerically larger than the critical compressive ayial load for 
buckling of the bar. A similar condition is found for the deflections 
of a bar on flexible supports when the spring constant for the supports 
is numerically larger than the “critical” negative spring constant that 
corresponds to the smallest characteristic value for the structure when 
no lateral loads are acting on it. 

These cases of oscillatory divergence are fairly easy to handle, since 
it is possible either by inspection or by a formal procedure to determine 
the point abovi which the oscillation takes place. In some divergent 
cases, it is even possible to extrapolate backward to the value from 
which the divergence proceeds. 

The relationships between these phenomena are much the sa nrifi as 
the relations between the various methods, such as Cesaro’s and 
Holder’s, of summing a series which is not convergent. In other words, 
methods of successive approximation can be successfully employed even 
when the sequence of calculations does not converge, provided that the 
series of approximations is summable. 

Rapid Convergence to a Practical Answer. Iteration procedures in 
niost cases have a tremendous advantage over other methods when a 
quick preliminary estimate must be made. In many methods, as for 
example in the moment distribution procedure, only a few cycles of 
calculation are required to obtain results of a practicable degree of 
accuracy. And in buckling or vibration problems in general only one 
cycle is needed to get a reasonable answer together with some informa- 
tion regarding the possible errors in such an answer.® However, where 
extreme precision is required, step-by-step methods may give better and 
faster results. Their disadvantage in general is in the amount of work 
necessary to form even a first estimate of the answer. 

Step-bt-Step Methods 

Approximate vs. Exact Methods. Step-by-step methods are gen- 
erally based on one of the several fairly well-known methods for the 
step-by-step numerical integration of ordinary differential equations. 
These methods differ in detail and in their accuracy, but they have a 
number of characteristics in common. In applications to physical 
problems we may distinguish between; 

(o) Methods that are “exact,” which generally are methods appli- 
cable to discrete joint problems; (6) Methods that are approximate, 
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which generally are methods applicable to continua. However, 
methods of the former tj'pe may be used with problems of the latter 
and conversely. 

methods are most cor.vcnierdly used when complete bound- 
ary conditions are known at some one point as in the case of a dynamic 
system subjected to an impulse, etc. This point is then a convenient 
place for starting the solution which progresses by steps and increments 
to any other point desired. However, such methods must cover all of the 
region between the points considered, and therefore may involve needless 
calculation if the intervening region is not of interest. The relation- 
ships which apply in each step may be explained most clearly with 
reference to a problem. 

Example. If a simple system consisting of a mass supported by a 
spring is subjected to a transient force beginning at time i = 0, we 
may start the calculation at this time and compute successively, at 
desired increments of time, the magnitudes of acceleration, velocity, 
and displacement of the mass. The relations between these quantities 
may be approximate, as obtained by use of difference-equation anal- 
ogies; or they may be exact, as obtained by use of steps in an exact 
solution for the particular conditions under consideration. The 
accuracy gained with the analytical solution in each step is offset by 
the complications in the use of such solutions. Hence in many cases 
the approximate methods, with suitable refinements to insure accuracy, 
are preferable. An example of the so-called analytical method in the 
step-by-step procedure is given by Myklestad ® in a treatment of the 
\dbrations of beams. 

Boundary Conditions. Where incomplete boundary conditions are 
known at the necessary starting point and the remainder of the boundary 
conditions are available at some other point, the step-by-step method has to 
be developed in several parts. Briefly, the procedure is outlined as 
follows; 

(a) Sufficient boundary conditions are assumed at the starting point 
to enable the calculation to proceed in the normal fashion. The cal- 
culations are carried to some terminal point where additional boundary 
conditions are available. In general, the derived conditions at these 
points win not check with the given boundary conditions. 

(&) For linear problems, the influence of changes in the initial bound- 
ary conditions are determined by repetition of the calculations in (a). 
It may be convenient to consider only the changes in values rather 
than to recompute the whole problem for the changed conditions. 
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(c) By linear combinations of the effects of changes in the given 
boundarj” conditions the necessarj* initial conditions are deduced to 
give the desired terminal conditions. This calculation involves 
merely the solution of a small number of simultaneous equations in 
the ease of linear problems. 

The procedure described is a generalization of the one used by 
IMyklestad ® for determination of the response to djmamic loads of 
beams mth simple supports or with other end conditions. The pro- 
cedure has been used by Southwell ® and others in the determination 
of critical buckling loads for bars. 

Nonlinearity. The solution by step-by-step methods of nonlinear 
problems is complicated by the fact that the changes in initial condi- 
tions do not produce linear changes in the terminal conditions. Con- 
sequently, a complete recalculation must he performed vrUh each change 
in the initial conditions. However, the inteipolation process may still 
be used to avoid making the whole work completely a trial-and-error 
procedure. Particularly when one is close to the final answer a sort 
of quasi-linear relation may be used. 

General Comments. In general, step-by-step methods are most 
successfully used with hyperbolic differential equations or in problems 
arising from such equations, whereas iteration procedures are most 
successfully used with elliptic equations. However, each procedure 
is not necessarily limited to a particular type of problem. This is 
not generally recognized. In apphing one or the other of these 
methods to types of problems to which they are not obviously appli- 
cable, precautions must be used in establishing the necessary conditions. 
An illustration is given, in the next paragraph, of the technique that 
can be used with the step-by-step method when it is applied to a 
problem arising out of an elliptic differential equation. 

Illustration of Step-by-Step Analysis. The step-by-step method 
becomes complicated when applied to other than one-dimensional 
problems. However, the principles of application of the method are 
always the same. An illustrative example will indicate the technique 
for a two-dimensional case, and will also demonstrate that the initial 
and terminal conditions need not he boundary conditions in the usual 
sense. « 

Consider again the problem shown in Fig. 9-2. The problem is 
solved by a step-by-step calculation in five operations, as shown in 
Table 9-1. Only two of these operations involve step-by-step solu- 
tions. The entries in the table are completely described. Column (1) 
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is the first trial sequence. Deflections at points i and e are assumed, 
and the other deflections are computed by successive steps from 
equation (9-1). Two different values are determined for point 6 
denon'Iinc on the way the point is reached. The dual value is of 
course impossible and is obtained because of inconsistent assumptions 
of the values at i and e. 

Column (2) shows the computation of a correction pattern for a 
change in point c. Here again different values are obtained for b for 
the two routes selected. Since this is a linear problem, a multiplica- 
tion factor for column (2) can be selected to give an equal and opposite 
inconsistency at h to that obtained in column (1). This is shown in 
column (3). Then column (4) indicates a consistent solution, which 
however corresponds to a load at a of twice the desired magmtude. 
Therefore, the final step to obtain colunon (5), is merely to divide 
column (4) by two. 


T.4BLE 9-1. Step-By-Step Calctilation op String Network op Fig. 9-1 
Using Equation (9-1) 


Point 

Operation using equation (&-1) 

(1) 

Trial 

Sequence 

(2) 

Correction 

Pattern 

(3) 

0.2X(2) 

(4) 

a)+(3) 

(5) 

0.5 X (4) 
Final 

% 

Assumed deflection (1) and (2) 

30 

0 

0 

30 

15 


Computed deflection from i 

60 

’0 

0 

60 

30 

e 

Assumed deflection (1) and (2) 

120 

100 

20 

140 

70 

c, g 

Computed deflection from/ 

90 

-100 

- 20 

70 

35 

b,d 

Computed deflection from c 

300 

-400 

- 80 

220 

110 

b,d 

Computed deflection from e 

180 

200 

40 

220 


b 

Difference in computed deflec- 







tions 

m 

--60O 

--120 

0 


a 

Computed deflection from h 




670 

335 

a 

Load 




2240 

1120 

a 

Desired load 




1120 

1120 


Physical Analogy Methods 

Relaxation. The methods of this chapter are explained from the 
point of view of a structural or mechanical model, although the descrip- 
tions are general and the techniques described may be applied to 
problems of flow, to dynamical problems, or in general to any problem 
that can be formulated mathematically or physically. 

The method of successive relaxation of constraints ^ is based on the 
concept that (he structure is rmivtairied in a continuous state, but it has 
acting on it residual loads which are not staticaUy consistent with the 
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desired loading. Tlie “residuals*’ are modified or reduced by intro- 
ducing arbitrary changes in di^plact-r-er,:. There are many ways of 
keeping track of the calculations; but in general a record must be kept 
at each Joint of both the displacement and the residual force which 
must be liquidated. The record may be kept in terms of totals of 
these quantities, or in terms of increments, and part of the record may 
be implicit or may involve a mental calculation or observation. This 
is the case in the usual moment distribution procedure, where the 
residual moment at a joint is the difference in the moments in 
the members on each side of the joint. 

Distribution vs. Relaxation. Although the essential features of 
the method are not changed by the bookkeeping, it seems worth 
while to make a distinction between “distribution” procedures and 
“relaxation.” The greater formality in the former methods simplifies 
the records but permits less latitude and opportunity for judgment in 
the calculations. The “liquidation” of residuals by relaxation in- 
volves the choice of arbitrary patterns of deformation. This is done 
in most cases by means of a so-called “operations table.” The opera- 
tions table is merely a simple way of keeping track of the effects of 
patterns of displacement or deflection. 

Block Movements. By appropriate combinations of the items in the 
operations table, group displacements may be easily considered. An 
equally good way of keeping these data is to record the quantities 
directly on a diagram and to make necessary group or block corrections 
by changing aU values proportionately whenever it seems expedient 
to do so. For example, one can assume initial values of the deflections 
and compute from these the magnitudes of the loads associated with 
these deflections. Then by means of an appropriate proportionality 
factor, all of the deflections and loads may be modified simulta- 
neously to make the scale of the deflections more nearly correct. 
This process is outlined in Fig. 9-4 for the string network problem of 
Fig. 9-2. 

Example. The boxes in Fig. 9-4 represent the joints in Fig. 9-2. 
In each box both trial deflections and loads and total deflections and 
loads are recorded. The trial values are “operations” or “group 
relaxations.” At any stage of the (xtkulatioTis any proportion of any one 
or several of the trial sets of values may he added to all the totals. An 
explanation is shown in the figure of the steps in the calculation. Only 
three steps were considered, and the results are fairly good as can be 
seen by comparison with Table 9-1 which gives an exact solution for 
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the problem. In this illustration the total loads are recorded rather 
than the residuals since the residual is equal to the total except for a. 
In general it is more convenient to keep track of the residuals but the 
changes in the tabulation required to do so are obvious. 
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Explanation: 
Trial pattern 
1.6 x(l) 

Trial correction 
0.8x(3)+(2) 
Trial correction 
0.5x(5)+(4) 


Fig. Rel-ucation Soliition foe a Steing Netwoek. 


Distribution. Distribution procedures are somewhat more formal 
than most relaxation methods, but generallj' require less judgment on 
the part of the computer. This may not always be an advantage but 
it does make possible the employment of relatively unskilled computers 
who can follow a routine and who do not have to use judgment in 
selecting types of block operations. 

It is assumed that the reader is familiar with the ordinary moment 
distribution method.® The method may be generalized, with the pro- 
■\dsion that the terms members, forces, etc., may not apply to specific 
physical quantities. The terms are used for convenience in the 
description. 

(o) The residual force at a joint is computed from the forces at the 
ends of the ^‘members” meeting at the joint. 

(6) This residual is “distributed” among the members meeting at 
the joint in proportion to their “stiffness” — the other joints are kept 
“fixed” in this process. 

(c) The forces at the other ends of the members are calculated from 
“carry-over” factors applied to the distributed forces. 
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Example. In the case of the string network of Fig. 9-2, the stiffness 
of aU members meeting at a joint is the same. Therefore one-fourth 
of the residual is distributed to each string, as a shear in the string. 
If the sign convention is adopted that a positive shear exerts an up- 
ward force on the joint, the sum of all the shears meeting at a joint 
must equal the load at the joint, and the carry-over factor of each 
string is —1. With these constants, the usual moment distribution 
techniques apply to the analysis. 

A somewhat more complicated definition of stiffness and carry-o%’er 
factor is required to analyse the structure shown in Fig. 9-1, but the 
procedure is entirely feasible. 

Continuity Restoration or Compatibility. The writer’s compatibility 
scheme is related in some respects to the orthodox method of cutting 
sufiScient gaps in a structure to render it statically determinate; then 
to close the gaps by statically self-balanced systems of loading. However, 
the essential difference is in the way the gaps are chosen, and in the 
manner of closing them. In this method, statical equilibrium is always 
mairdained but internal discontinuities or departures from compatibility 
are permitted, and gradually eliminated. For the actual computation, 
schemes similar to relaxation or distribution may be used, of course. 

Consider again the problem of Fig. 9-2, and adopt the convention 
that an arrow along a string points along an upward slope of the string 
and has a magnitude equal to the shear, proportional to the difference 
in deflection. Then we may consider the flow of shear in the strings 
and derive two theorems, analogous to Kirchoff’s Laws: 

(a) If downward loads at a joint are considered as inflows, the total 
of all the flows into a joint must equal the total flow out of the joint. 

(&) Since the differences in deflection axe proportional to the shear 
flows, the sum of the flows in any closed circuit must be zero. This 
is the condition of compatibility for the strings, and means that the 
sum of the differences in elevation in any closed path must be zero. 

Discordinuities. We can determine shears, m all the strings, that are 
statically consistent with the loads by starting at any joint and suc- 
cessively guessing at values where necessary, to satisfy condition (c). 
A set of values so assumed is shown in Fig. 9-5 (a), to the upper left 
of the diagonal line. These flows do not satisfy condition (5), which 
means that we have discontinuities in the network; but we do not pro- 
ceed to determine them. We may put in any constant flow around any 
closed circuit in which we wish to eliminate the “incompatibility.” 
The structure may be brought into a continuous state by this means, 
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although a more systematic approach may be desirable. Such an 
approach is shown in Fig. 9-5. 

Re.?to:-:ng Continuity. In each elementary unit or block the lack of 
compatibility is indicated above the short horizontal line. For 

example in the third block from 
the upper left hand corner block 
abuv the clockwise flow is 260, 
the counterclockwise flow is 400, 
and the total correction flow to 
balance these is the difference 
between them, or 140 clockwise. 
Actually this total is provided by 
shear flows in only three strings 
since the boundary of the net- 
work is at constant elevation. 
The required flow in each string 
would be 46.67. However, this 
flow would change the conditions 
in adjacent units and require ad- 
corrections in them, ex- 
cept for the units on the diagonal 
where conditions of symmetry keep the flows always balanced. 

The correction flows in each unit which are consistent with the origi- 
nal unbalance, as well as the additional unbalance caused by adjacent 
flows, are shown below the short horizontal line m each block. These 
flows are the flows for each string. These correction flows combined 
with the original guesses give the resultant or final shear flows which 
are indicated on the lower right, in Fig. 9-5(5). The elevations of 
the network can be readily computed from the flows. 

A more detailed account of this procedure applied to the torsion 
problem is presented in a thesis written under the writer’s direction 
by Mr. E. C. Colin.® The compatibility procedure ha.<i also been 
applied to plane problems in elasticity, by use of framework analogies. 
These procedures are described in the next chapter. 

PnAHTE Stress Problems 

Framework Analogies and Other Methods. Several numerical 
methods of solution of plane problems in elasticity have been de- 
scribed.^®”^® Both framework analogies and flhite difference nets 
have been used. One of the earliest solutions is that due to Richard- 
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son"® who used a finite difference rcprer-en^atio:: of Airj-’s stress 
function. This stress function satisfies the same equations as the 
deflections of a thin elastic plate; an analogj' can be made between 
ordinates of the stress function and deflections of the plate, and be- 
tween errors in compatibility in the stress problem and the load on 
the plate. It is to note that with this analogy a relaxation 

‘procedure for the plate problem is equivalent to a ccrntatijility 'procedure 
for the plane elasticity problem. Recently, a relaxation technique for 
Airy’s stress function was described by Zienkiewicz.” Another early 
solution of plane stress problems was given by Ferris who used a 
finite difference representation for the equations gox'emiag the dis- 
placements. 

Lattice Analogies. Framework or lattice analogies have been de- 
scribed by McHenry^® and Hrennikoff.^^ These analogies consider 
the solid material replaced by a system of pin-connected bars, the 
areas of which are so chosen as to represent the phj’-sical behavior of 
the solid as closely as possible. Lattices of the types considered are 
shown in Figs. 9-6 to 9-9. With these, the effective widths of the bars 
in the hexagonal lattice are equal to the spacing of parallel bars; and 
for the square lattice, three-fourths of the lengths of the bars between 
points where bars cross each other. Boundary bars have one-half 
these widths. With these areas, the valve of Poisson’s ratio turns out to 
he J. Unless a special technique is adopted, this is the only value that 
can be 'used loith the lattice. 

Hrenmkoff uses essentially a distribution procedure, although the 
relaxation procedure may be equally effective. McHenry derives an 
equation for the displacements of any point in terms of the displace- 
ments of surrounding points, and adopts an iteration process to com- 
pute the displacements. 

The application of a compatibility procedure to the hexagonal lattice 
has been studied by Austin in a thesis under the writer’s direction. 
Studies of both square and hexagonal lattices with compatibility and 
with displacement procedures have been made by Dauphin.^® 

Compatibility Procedure for Hexagonal Lattice. To illustrate fur- 
ther the applicability of the compatibility procedure a sketch of the 
way it can be applied to the hexagonal lattice is indicated. There are 
two conditions which must be fulfilled by the stresses and strains in 
the bars: 

(а) Each joint must be in statical equilibrium. 

(б) Each hexagonal unit of the type shown in Fig. 9-6 must have 
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compatible strains in the bars : that is, the deformations must be such 
that bar be, for example, can fit into the space allotted for it by the 
deformations of the other bars. 

Designating the force in any bar by the letters denoting the ends of 
the bar, and adopting the assumption of elasticity, or of proportion- 
ality of stress and strain, tre can derive the lollovdng conditions for 
the bar forces: 

Statics, at each joint 

oa — od = oc — of = oe — oh (9—2) 

Compatibility, in each hexagon 

oa 4- + oc + od + oe + 0 / = a6 + 6c + cd + de + e/ + fa (9-3) 


A slight modification must be made in equation (9—3) for bars at a 
boundary; the corresponding term must have a coefficient of 2. 

Adjusting Hexagonal Units. In Fig. 9-6 a statically self-balanced 
system of forces in the bars is shown. The effect of this system on 
the compatibility is to change the error in compatibility by 12 for an 
interior hexagonal unit. Coc.-iiierLng the system in Fig. 9-6 as a posi- 


tive unit in the sense shown, and 
the compatibility change in the 
figure as positive, the effects on 
adjacent hexagonal elements of a 
positive unit change in any one 
element is shown in Fig. 9-7. 


c +1 b 




Fig. 9 - 6 . Basic Hexagonal Unit- Fig. 9 - 7 . Effect on Adjacent Units of 

CoEREcnoN IN Unit A. 


The procedure for the analysis is then as follows: 

(c) Assign statically consistent forces to the bars, starting with the 
applied loads. 

(6) Compute the error in compatibility in each hexagonal element, 
(c) Correct the elements by adding self-balanced changes in forces, 
taking into account the disturbances created in adjacent elements. 
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The detaik of the procedure are subjected to variation in the samA 
way as for any of the other methods of analysis. Two additional 
items must be noted: First, compatibility of all elements insures inter- 
nal and external continuity only if there are no holes in the body and 


no external constraints; otherwise, 
made. Second, one can hasten con- 
vergence of the procedure by con- 
sidering large units and small ones 
in turn. 

Square Lattice. The compati- 
bility procedure for the square lat- 
tice is somewhat more complicated 
than for the hexagonal lattice. Two 
types of elements are required: a 
diagonal unit in which the interior 
members are diagonal bars, as shown 


subsidiary correction must be 


N 



s 

(a) Diagonal Unit (b) Normal Unit 


Fig. 9-8. Basic Uxrrs for Square 
Lattice. 


in Fig. 9-8(a), and a normal unit, as in Fig. 9-8(6). This figure also 


shows statically self-balanced systems of bar forces in the fundamental 


elements. With these correction systenos, the effects on the compati- 


bility of adjacent elements are shown in Fig. 9-9, where the effect is 



(a) Diagonal Unit (b) Normal Unit 

Fig. 9-9. Eitbct on Adjacent Units of Corsbctions in Diagonal 
AND Normal Units. 


given by the number in the circle at the center of each element. The 
compatibility condition for any element is as follows: 

rSum of forces in”] _ PSum of forces in aUl 
1_ peripheral bars J L radial bars J 


(9-4) 
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In the ‘lio:' unit, each 'Jiaco.-d is therefore counted twice since each 
half is a radial bar. The analysis is carried out in the same way as 
for the hexagonal lattice. 

The stre.sses in the interior are determined from the bar forces in the 
following way: Consider vertical and horizontal planes passed through 
a joint as shown in Fig. 9-10. The planes di\’ide the vertical and 



Pig. ^10. DnTEEmNATioN op Stress at 



horizontal bars in two, and accordingly give a system of bar forces as 
shown in the figure. The normal and shearing stresses in the body at 
the joint are determined from the equilibrium conditions of the force 
systems shown, where X is the length of the vertical and horizontal 
bars, ff is the normal stress and t the shearing stress. 

With this interpretation of stress it can be shown that under all 
conditions the usual relation holds: 

Txy — (9 5) 


Computation of Influence Coefficients 

Fundamental Principles. In the calculation of deflections, stresses, 
moments, etc., in structures by use of difference equations or by other 
numerical methods, a particular effect often is desired for a unit load 
applied in turn at all the joints or nodes of the network into which the 
structure is divided. In many eases it is inconvenient because of the 
amount of work involved to apply unit loads successively at all the de- 
sired points. Under certain conditions this calculation can be made 
directly, and an influence surface, line, or volume can be obtained.^^ 
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An influence surface can be computed when the particular effect desired 
is a linear function of certain of the deflections at particular foints in the 
structure, and when the relationship between deflections ayid loads for the 
structure is linear. 'Wiien these conditions apply, the influence of a 
unit load at any point m is obtained as a deflection at point m due to 
loads applied to the structure in accordance \\-ith the following theorem : 

Theorem. “Where a particular effect Q is a linear function of the 
deflections Wa, tiJa •••«!* at points a, b, ■ k, respectively, as in the 
equation 

Q = Awa d" Bwb -{-••• Biwi 

and if deflections and loads are linearly related, the influence on Q of 
a unit load at any point m is obtained as the deflection at the point 
m due to loads of magnitude A, B, ■■■ K, applied at points a, b, k 
respectively.” It may be noted that the application of the pro- 
cedure is not limited to problems in which difference equations are 
employed. 

Illustrations of Influence Coefl&cients. If, for example, the influence 
is desired for moment in the axlirection at a point in a plate, such as at 
c in Fig. 9-1, we may obtain the influence coefiflcients by determining 
the deflection of the plate due to loads applied in the foUowing way. 

The moment desired is formxilated in terms of deflections by the 
equation: 

[2(1 + m)Sc - Ze - e. - pZn - pz.l (9-6) 
Therefore, the loads to be applied are: 


at c 



2(1 + p)EI 

X^(l - p?) 

(&-7) 

at e and w 

El 

V(1 - 

(9-8) 

and at n and s 

pEI 

X=(l - M*) 

(9-9) 


The deflections due to these loads will be the influence coefiflcients 
desired. 

MuUer-Breslan Principle. As another example, if in Fig. 9-2, the 
influence is desired for the deflection at point a of deflections at u, v, 
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and w on the boundan^, these cannot be obtained directly from the 
theorem. Howev'er, from the Maxwell-IMohr-MuUer-Breslau prin- 
ciple of influence lines, these influences are obtained as the reactions 
at u, V, and w due to a unit load at a. Since these reactions are the 
vertical shears at these points, they may be obtained from Fig. 9-5. 
The results are as follows: 


Influence at a of unit deflection at 


u 


V 


w 




mr 


35 

TTSl) 


Incebasing AcctJEAcy 

Mistakes and Checks. One of the major diiTlciiliics in the use of 
numerical procedures arises from numerical errors or mistakes in the 
calculations. It has already been pointed out that successive approxi- 
mation methods are most satisfactory from the point of view of automatically 
correcting mistakes unless the same mistakes are repeated. In any case, 
some system of checks on the accuracy of the result is desirable. 
Sometimes overall checks can be made very simply; for example, in 
Fig. 9-5(6), the total shears around the boundary for one-h^ the 
structure should add up to one-haJf the total load. Similar p.h e ck s 
can be made in other problems. Usually the checks are more obvious 
m methods that are derived from physical analogies. 

With any method, it is desirable to compute and study the residual 
farces or residual errors in compatibility, from the final computed values 
of stresses or deflections. Then if a mistake has been made it is not 
necessary to locate the source. One has merely to liquidate the resid- 
ual — in this case, the mistake — to get the result desired. 

Finer Nets. Aside from mistakes, other sources of error are in the 
representation of continuum problems by discrete joint problems. 
One way of making errors smaller due to this ca\ise is to use a more 
finely divided net. However, the increase in effort required is not 
often commensurate with the increase in accuracy. 

For example, in the numerical calculation of the buckling load of a 
bar of constant section with hinged ends by use of finite differences, 
the errors in the coeflicient for critical load are as follows : 
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n = No. of 
nodes in length of bar 

Error 

(exact value = 9.S7) 

Error 

2 

1.870 

18.9 

3 

0.870 

8.8 

4 

0.498 

5.0 

10 

0.080 

0.81 

20 

0.020 

0.20 

90 

0.001 

0.01 


Similar results are found in other problems. However, in two-dimen- 
sional problems, the amount of work increases much more rapidly 
than the number of points, but the increase in accuracy may lag far 
behind the increase in effort. 

Net Variation. In some cases, where quantities vary rapidly, a 
small net spacing is needed. But this may be required only in part 
of the structure, and it is wasteful of time and accuracy to use the 
small net everywhere. In such circumstances it is often expedient to 
use two different sizes of mesh, with the fine spacing where it is necessary, 
the coarse spacing elsewhere. 

Extrapolation. It was pointed out by Richardson that more 
accurate results could be obtained from difference equation solutions 
by extrapolating from the results of analyses with several different sizes of 
net. This matter has been studied further by Salvadori who indi- 
cates that a series expression for the error may be formulated and 
extrapolations based on this formulation. He points out, however, 
that an extrapolation from only two trials may not be safe, and sug- 
gests a minimum of three calculations with different net sizes. This 
is of course inconvenient. In the buckling problem for which the 
errors are cited it can be shown that the first term in the series of 
errors depends on 1/n®, and the second term probably on l/n\ An 
extrapolation using only the first term gives an error of 0.070 based on 
w = 2, 3 calculations, and an error of 0.020 from w = 3, 4 calculations; 
whereas an extrapolation from the n = 2, 3, 4 calculations using two 
terms in the error series gives an error of less than 0.001. 

The formulation of the error in replacing a derivative by a difference 
generally involves errors which are expressible as a series in which the 
first term involves the square of the net spacing. Ordinarily, only 
even powers of the spacing are involved in the additional temos, but 
others may also be involved if the boundary conditions have to be 
approximated in different ways from the schemes used in the interior. 
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Eigler Orders. If higher order approximations of derivatives by 
differences are used, the power of the first term in the formulation of 
the error maj' be increased to 4, but a value of 2 or 3 may appear if 
boundarj’^ conditions are not carefully treated. With second order 
approximations used in the buckling problem cited, the errors are 
materially reduced, as follows: 


n = No. of nodes in length of bar 

Error 

Error 

2 

0.270 

2.74 

3 

0.051 

0.52 

4 

0.016 

0.16 

8 

0.001 

0.01 


Almost as much improvement can be obtained in other problems as 
well. The extrapolation procedure can be used here also; and with 
the first term involving 1/n^, the extrapolation from the n = 2, 3 cal- 
culations gives almost exact results. 

Other Methods. Other methods of obtaining increased accuracy 
are also based on the relations between finite differences and deriva- 
tives, For example, the second derivative of a function can be ex- 
pressed in terms of central differences, as follows : 

With only the first term on the right of equation (9-10), the errors in the 
integraiion of an equation are proportional in general to the square of the 
mesh size, X; with two terms, the errors are proportional to the fourth 
power; etc., as has been pointed out in the foregoing paragraphs. 
However, the form of the difference equations that are obtained with ad- 
ditional terms in equations such as (9-10), is much more complicated. 
For this reason, and because of difficulty in the accurate representation 
of boundary conditions with higher order differences, other methods 
have been proposed. 

Modifying Terms or Loads. A method that is useful in ordinary 
differential equations is to modify the terms on the right-hand side of 
a relation between differences and derivatives, corresponding to the 
inverse of equations such as (9-10). For example, 

S" = hf' + -f + • • • (9-11) 

If the quantity on the ri^t can be computed, the integration of the 
differential equation is replaced by a summation of a difference equa- 
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tion. This procedure, for the second derivatives described here, cor- 
responds to modifying loads on a beam for the purpose of computing 
the moments in the beam accurately at a series of points. The pro- 
cedure has been described by Southwell® in terms of the mathematical 
aspects, and by Xe'vvmark® in terms of load modifications on a beam. 
The latter representation has certain advantages when discontinuous 
functions must be dealt with, and also permits rapid approximate- 
estimates to be made by use of one’s judgment. 
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Fig. 9 - 11 . EbpiiACTMKNt of Distbxbtttbd Load with aiATicALLT 
Equivalent Concenteations. 

Example of Modified Beam Loads. The basis of the physical ap- 
proach is indicated in Fig. 9-11, which shows a beam subjected to a 
variable distributed load. That part of the load diagram represented 
on the figure by P has a statical equivalent equal to its resultant. 
However, it is not convenient to consider resultants of the various 
parts of the load diagram with their variable spacing. Since the result- 
ant is also statically equivalent to the reactions on a simple beam of 
that part of the load difl.gr fl.Tn considered, the recommended replace- 
ment is by the sub-stringer reactions B as shown on the figure. 

With this replacement, which is applicable to concentrated or dis- 
continuous loadings as well, the correct moments and shears are 
obtained at all points outside of the region covered by P, and in par- 
ticular at points such as b at the ends of the interval. To find the 
moments and shears at a within the interval, it is necessary merely to 
add the sub-stringer moments and shears at a to those obtained from 
the replacement forces 22 acting on the main beam. 
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Generalization. This procedure can be extended to other problems, 
but in general, it is useful only for problems with a single independent 
variable. For other problems, it is desirable to use a procedure recently 
described by Fox.^® In this procedure calculations are carried out for 
the usual finite difference representations using only the first term in 
equations such as (9-10) and (9-11). Then residuals are computed 
from the more accurate representation by means of equations such as 
(9-10). These residuals give rise to a correction solution, which is in 
turn corrected, and the process continued until the corrections are 
negligible. Results of surprising accuracy are obtained by this process 
with only a relatively small number of mesh points. 

Combined Numerical-Analytical Procedures. Possibly the simplest 
way of obtaining an increased accuracy with numerical procedures in 
continuum problems is to use the numerical procedure for the purpose 
of computing a correction to results obtained by methods directly 
applicable to solid bodies, etc. For example, in plane problems in 
elasticity, an approximate result may be obtained from formulas 
derived by methods of ordinary mechanics. These results can be 
expressed in terms of a stress function which usually wuh not satisfy 
the conditions of compatibility. The errors in compatibility may then 
be computed, and by means of the stress function — plate analogy, 
the correction stresses may be determined to account for the errors in 
compatibility. 

This is a well-known analytical procedure, but it may be used also 
when the correction terms are determined by numerical processes. 
When the origmal assumptions are fairly reasonable, the corrections 
are relatively small, and need not be computed nmnericaJly with a 
high degree of accuracy in order to give a combined result that is as 
precise as necessary. 

Torsion Example. Another illustration of this technique may help 
to show its generality. Consider the problem of torsion of a relatively 
compact cross section of arbitrary shape. The stress fimction for tor- 
sion must satisfy the equation: 

V^<j> = ~2Ge (9-12) 

where G is the shearing modulus of elasticity, and $ the relative anglft 
of twist. The boundary conditions are: 


^bdiy — 0 


( 9 - 13 ) 
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An approximation to this function can be made by the relation 

= y (a- - - y=) (9-14) 


where a® is arbitrarily chosen to make the values of as small as pos- 
sible at the boundary. Now we introduce a correction function 

4. - 4,. + ■!>. (9-15) 

The function 4>e must satisfy the equation 

= 0 (9-16) 


and the boundary values are equal and opposite to the boundary values 
of <^o* 

By good judgment in the choice of a®, the corrections will be fairly 
small. They can be computed by finite difference methods and the 
complete solution obtained as a combination of the results of an analyti- 
cal solution 4>o and a numerical set of values of ^c- Other functions 
may be used in equation (9-14) for better results in sections of n miRna l 
shape. Obviously this whole technique may be extended to other 
types of problems, and even to nonlinear problems, and it combines 
advantages of both formal analytical procedures and numerical 
methods. 


Ejefeeences fob Chapter 9 


(1) H, M. Westgaard, “On the method of complementary energy,” Trans. ASCE 
107, 765-803 (1942). 

(2) V. P. Jensen, Analysis of Skew Slabs, University of Illinois Eng. Exp. Sta. Bulletin 
332 (1941). 

(3) N. M. Newmark, “Numerical procedure for computing deflections, moments, 
and buckling loads,” Trans. ASCE 108, 1161-1234 (1943). 

(4) H. liebmann, “Die angenaherte Ermittlung harmonischer Funktionen und 
konformer Abbildungen,” Sitzungberichte der Mathematik und Physik 47, 385 
(1918). 

(5) N. 0. MyMestad, “A new method of calculating natural modes of uncoupled 
bending vibration of airplane wings and other types of beams,” Journal of the 
Aeronautical Sciences 11-2, 153-162 (April 1944). N. 0. Myklestad, Vibration 
Analysis (McGraw-Hill, 1944). 

(6) R. J, Atkinson, K. N. E. Bradfield, and R. V. Southwell, “Relaxation methods 
applied to a spar of varying section, deflected by transverse loading combined 
with end thrust or tension,” Reports and Memoranda Aero. Res. Comm. Gt. Brit. 
No. 1882 (1937). 

(7) R. V. Southwell, “Stress calculation in frame works by the ^method of systematic 
relaxation of constraints,^” Proc. Roy. Soc. A161, 56-95 (1935). 

R. V. Southwell, Relaxation Methods in Engineering Science (Clarendon Press, 
Oxford, 1940); also Relaxation Methods in Theoretical Physics (1946). 



168 ^’UMERICAL METHODS OF ANALYSIS 

(S) Hard\’ Cross, '‘Analysis of continuous frames by distributing fixed-end moments/' 
Trans. ASCE 96, 1^156 (1932). 

Hardy Cross and N. D. Morgan, Continuous Frames of Reinforced Concrete (T\Mey, 
1932). 

(9) E. C. Colin, Jr., “A flow analogy for torsion," M. S. Thesis, University of Illinois 
(1947). 

(10) L. F. Richardson, ‘‘The approximate arithmetical solution by finite differences 
of physical problems invohing differential equations, \\dth an application to the 
stresses in a masomy dam," Phil. Trans. 210A, 307-357 (1910). 

(11) 0. C. Zienkiewicz, ‘‘The stress-distribution in gra\dty dams," J. Inst. Civ. Eng. 
No. 3, 244-271 (1946-1947). 

(12) L. W. Ferris, “Theoiy of elasticity, solution of problems by trial," Trans. Soc. 
Nav. Arch* and Marine Eng. 41, 55^1 (1933). 

(13) D. McHenrv, “A lattice analogy for the solution of stress problems," J. Inst. 
Civ. Eng. 2i-2, 59-82 (1943-1944). 

(14) A. Hrennikoff, “Solution of problems in elasticity by the framework method," 
J. App, Mech. 8, A169-A175 (1941). 

(15) W. J. Austin, framework analogy for plane problems in elasticity," M. S. 
Thesis, University of Illinois (1946). 

(16) E. L. Dauphin, “Framework analogies for plane stress problems in elasticity," 

S. Thesis, University of Illinois (1947). 

(17) X. M. Newmark, “Note on calculation of influence surfaces in plates by use of 
difference equations," J. App. Mech. 8, A92 (June 1941). 

(18) M. G. Salvadori, “The numerical calculation of buckling loads by finite differ- 
ences," paper presented at Annual Meeting of ASCE, New York, January 1948. 

(19) L. Fox, “ ^me improvements m the use of rela.xation methods for the solution of 
ordinary and partial differential equations," Proc. Roy. Soc. A190, 31-59 (1947). 



CHAPTER 10 


A SURVEY OF THE APPROXIMATE SOLUTION OF 
TWO-DIMENSIONAL PHYSICAL PROBLEMS BY 
VARIATIONAL METHODS AND FINITE 
DIFFERENCE PROCEDURES 

Thomas J. Higgins* 


Introduction. Variational methods and finite difference procedures 
afford powerful means of obtaining approximate mathematical solu- 
tions of two-dimensional boundary value problems in engineering and 
physics which are intractable to exact analysis. Although a solution 
by variational methods requires a mathematical technique very 
different from the numerical analysis used for a solution by finite 
difference procedures, the two means are yet complimentary. For 
often it happens that a most feasible means of solving a given boundary 
value problem is to cast it as a variational problem, approximate 
the mathematical functions involved by corresponding difference 
expressions, and then solve the resulting problem m finite differences 
by a suitable finite difference procedure. A<-c(u-dit:g1y, a knowledge 
of both variational methods and finite difference procedures is useful 
to the worker in numerical methods. Yet, despite this significance, 
no considerable exposition of these approximate methods is to be 
found in standard reference texts on applied mathematics or in those 
covering a given domain of technical or physical theory; nor, for 
that matter, is other than limited mention made therein of sources, 
original or secondary, that contain such exposition. 

The purpose of this presentation is to fill this gap by fu miabing an 
integrated survey of the literature essential to study by one desiring 
to gain knowledge of both the general theory of these methods and 
the actual technique of using this theory. It is the writer’s experience 
that after study of the general theory, facility of use is quickest gained 
by careful study of all available literature devoted to solution of one 
of the classical problems of applied mathematics. Technique is illus- 

♦ Professor of Electrical Engineering, University of Wisconsin. 
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trated here by account of the application of these approxiniate methods 
to St. Tenant’s torsion problem.* Elsewhere the reader can find 
account of the application of some of these methods to the eigenvalue 
problems of the vibrating membrane and the wave guide of uniform 
cross section. 


List of Major Symbols 

(Arranged approximately in order of introduction into the text.) 

ju: Modulus of rigidity 
t: Angle of twist per unit of length 
M : Torsional moment 
C : Torsional rigidity 
4>: Torsion function 

Conjugate torsion function 
■3^: Torsional stress function 
S: Area of cross section of prism 
s: Boundary curve of S 

XJ (3") : A parameter defined by the integral equation (10 — 2) 

J (3") : A parameter defined by the integral equation (10 — 3) 

J (3^) : A parameter defined by a certain integral equation not given 
in text 

V: The minimum value of TJ (3^); and the stored elastic energy 
per unit of length 
1 : The minimum value of I (3^) 

J : The ma.xi.mum value of J (3') 

Tm' The maximum shearing stress 
e: An error function 

n: An integer subscript indicating an approximation 


* For accounts of the general mathematical theory see: S. Timoshenko, Theory of Bias- 
tidty (McGraw-Hill, 1934); I. S. Sokolnikoff, MatheTnatical Theory of Elasticity (McGraw- 
Hill, 1946); A. E. H. Love, The MaihemaMcal Theory of Elasticity (4th ed.; University Press, 
Cambridge, 1934). 

The notation and terminology of this paper are those of Love: /* denotes the modulus of 
rigidity; r the angle of twist per unit length; and the other symbols are defined as intro- 
duced. To avoid redundance, symbols are used in the text in lieu of the corresponding 
phrase. Again, inasmuch as determination of either the torsional moment M or the 
torsional rigidity C is tantamount to determination of the other, for {M - rC), mention is 
made only of Jf — though in some of the papers discussed it is the expression for C, and 
not M, that is given. 

For an interesting sketch of Saint-Venant^s life and work see: K. Pearson, Barre 
de Saint-Venant,’^ Nature 33, 319-321 (1885-1886). 

1 The bibliography with rrferences numbered 1-140 begins on page 192. 
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V-: The mathematical operator 4- 

\dx^ dyV 

grad-: The mathematical operator 


Variational Methods 

Ritz’s Method. In 1908 the Swiss physicist Walther Ritz published 
a memoir ® wherein he propounds a new method of solving boundary 
value problems; and in this and subsequent memoirs ® he effects by 
this method approximate solutions of problems which had long defied 
the efforts of analysts. Among the classical problems treated m the 
first memoir is the Dirichlet problem for a “singly-conr.ecled” region. 
Inasmuch as the torsion problem for a “singly-connected” prism* is 
interpretable as a first Dirichlet problem,** the solution for a particular 
cross section is afforded by Ritz’s method — sometimes termed the 
Ritz-Rayleigh method, Lord Rayleigh® having pointed out that Ritz’s 
procedure has much in common with approximate methods used earlier 
by him. 

Application of Ritz’s method to a boundary value problem hinges on 
expressing the problem as one in the calculus of variations, o trans- 
formation itsually effeded with ease inasmuch as the definitive partied 
differential eqvMions of most physical problems can be formulated from 
one of the well-known minimum or maximum “principles" of physics — 
for example, Hamilion’s, or Maupertuis’ , or CoLstigliano's principle. 
Transformed, the problem reduces to determination of a function which 
minimizes a certain integral expression subject to specified botmdary 
conditions. The torsion problem, for example, can be interpreted as 
the search for the stress function 


+ y2)/2] 

(10-1) 

that minimizes the integral expression 


J grad^ SC^ dS 

(10-2) 


* The torsion problem for a prism of multiply-connected cross section is also solvable by 
Eitz^s method; however, the boimdary conditions are much more complicated than for the 
singly-connected prism. For an inclusive discussion of the formulation of the boundary 
value problem of the multiply-connected cross section see reference 134; for an excellent 
discussion of the formulation of the variational problem see the complementary references 
15 and 17. 

For example, as the search for the conjugate torsion function 4^ that satisfies VV = 0 
over the right cross section S of the twisted prism and satisfies 4/ = [(«* + ^)/2 + an 
arbitrary constant] on the boundary s of S, 
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for the elastic energy per unit length U = (tM,- 2) subject to the con- 
ditions: (a) the twisting couple 3/ = 2 fir dS is a prescribed con- 


stant; (&) ^ = an arbitrary constant (commonly taken as zero) on the 
entire boundarj’’s. In equation (10-2) the surface integral covers the 
cross-section S undergoing torque. 

An alternative, and somewhat more convenient statement of the 
problem is to find ^ that minimizes the integral expression* of (10—3) 


7(^') = J (srad®'^ "■ (10-3) 

subject to the boundary condition = 0 on a. And yet other formu- 
lations of the variational problem are to be found (in particular, see 
references 15 and 17). 

Connection between the Variational and Boundary-Value Problems. 
The tie between the two methods of inlorproilng the torsion problem 
as a variational problem or as a boundary-value problem in partial 
differential equations — lies in this: The which solves the variational 
‘problem necessarily satisfies ** a characteristic partial differential equation 
(also termed the Euler equation); this equation is precisely the partial 
differential equation occurring in the boundary-value problem; and inas- 
much as the boundary condition is the same in both problems — necessarily 
so,*** in fact — it follows that this is also the same one which solves the 
bour-.dary-ialue problem. 

Ritz’s Method Yields an Approximation. In general, Ritz's method 
does not yield the function ^ that exactly minimizes the integral ex- 
pression I(’i'). Rather, it yields an approximation to — 
where ’$’» is expressed as a linear combination of n functions of a cer- 
tain type **** individually satisfying the boundary condition, = 0 
on s — and an n** app’'oximal:oii J»(^») to I. But often the approxi- 
mation to the true TniniTrmm J can be obtained to any desired degree 


♦Note that by virtue of the quantities defined in the foregoing paragraph J(^) =» 
Mr; and since Jlf is a prescribed constant, / s — tMJ2 ~ — 17, wb^ein I and U 
designate the miniTmiTns of /(^) and 

*♦ A. R. Forsyth, CcdcvliLs of Variations (Univeraty Press, Cambridge, 1927), p. 551. 

This may not be the case in other problems. See reference 17 and the ej^nsion of 
this discussion in Chapter 3 of reference 85; also H. Bateman, Partial Differential Egualions 
of Mathematical Physics (University Press, Cambridge, 1932), p. 167* 

♦♦♦* In general, the approximating function for a singly-connected region is expressed 
as the sum of a fimction satisfying the boundary conditions and a linear combination of 
other functions each of which vanishes on the boundary. In the case of the torsion problem 
all of the functions satisfy the boundary condition because SB' ~ 0 on s. 
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in a comparatively simple manner. The apprcx:r::a::cr- to the true 
minimum often constantly improves as the terms of the assumed series 
increase in number. If an appropriate selection of functions has been 
made — commonly this selection is determined by experience, by the 
particular coordinate system employed, and by the fact that the 
integrand stemming from substitution of must be mathematically 
tractable — the approximation is often quite good when the number 
of terms in is small. In general, the security for and /„ being 
actual approximations to ^ and I is ensured by satisfaction of the 
conditions that stem from setting the problem as one in the calculus 
of variations. Specifically, exact conditions on "9 sufficient to ensure 
the approach of and J„ to and I have been the subject of research 
by Eitz, by Trefftz, and by others.* Provided these sufficient condi- 
tions are satisfied, they have shown that 

lim lim = I, and > I. (10-4) 

n— ►« . n-^eo 

These e:^ressions refer, of course, to equation (10-3). 

Trefftz’s Procedure. Now though Ritz’s method yields a solution 
where classical methods fail, and though by virtue of the inequality 
In > I this solution is an upper limit to the exact solution, it commonly 
ensues that the degree of approximaiion to the exact solution is unknovm. 
In appreciation of this difficulty Trefftz, his interest aroused by a paper 
of Courant, has developed a method, akin to Eitz’s, but so designed 
that In(= In) approaches the true minimum I from below. As with 
Ritz’s method, the approximations to 4^ and to I can be carried to 
any degree of accuracy pro%dding satisfies certain known conditions, 

lim lim I^(-^n) = I, (10-5) 

n-^oo n— *-00 

where /^(’J'n) < I. Thus, by application of both Ritz’s and Trefftz’s 
methods the true minimum is bounded in known fashion, In < I < In- 
Also the sign and magnitude of the maximum possible deviation from 
I of In, Inj'or of their arithmetic mean (possibly a closer approxirrtai ior.) 
can be determined. 

Trefftz has developed the theory of his method in two memoirs. 
One,^ essentially mathematical, is devoted to elaboration of the gen- 

♦ For a number of references to these purely formal investigations see the bibliography of 
reference 17 ; see also N. Kryloff and J. Tamarkm, Bull. Acad. Sci. Buss. [61 12 , 69^ (1918 ) ; 
E. Trefftz, Handtmch der Phyaik (J. Springer, Berlin, 1928), Vol. 6, pp. 130-132. 
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eral theory of his method. The other,® essentially expository, com- 
prises solution of the torsion problem for certain cross sections: * 
and 3/i of a [prism of] square [cross section] are obtained by both 
Trefftz’s method and Ritz’s, and the two solutions are compared in 
various fashions. A dexdce for extending both methods to provide 
solutions for cross sections having re-entrant angles is outlined. By 
both methods J/i is effected for an angle-iron with identical flanges. 

Comparison of Ritz’s and Trefftz’s Procedures. Consideration of 
solutions obtained by both methods indicates that, in general, certain 
advantages attend the use of Trefftz’s rather than Ritz’s method. 
Thus — as Trefftz professes — although the approximating functions 
used in the latter need not necessarily satisfy the partial differential 
equation defining the problem, they must satisfy the boundary condi- 
tions — not always a simple thing to ensure. Contrariwise, Trefftz’s 
method — to be characterized as a generalization of the classical 
method of development in terms of particular solutions — requires 
only a choice of functions that satisfy the partial differential equation, 
commonly a simpler demand. Secondly, the choice of functions in 
Trefftz’s method is usually such that determination of the maximum 
error in the solution is easier. Finally, proof of coru’crgoricc! of the 
approximating fimction to the true minimum is generally simpler. 
One considerable advantage, though, attends Ritz’s method: ordinarily, 
the approximation converges somewhat faster than in Trefftz’s method. 
Thus, HoU and Anderson,® using both methods to obtain values ** of 
Mz for the cross section bounded by arcs of two confocal parabolas 
find that though both values are in good agreement with the known 
exact solution, the value afforded by Ritz’s method is in closer agree- 
ment. 

Friedrichs’ Procedure. A second method of obtaining a lower 
bound to the minimum function I solving a given problem (one in 
some ways more general than that of Trefftz), has been outlined by 
Friedrichs.^® It consists of associating with the given minimum prob- 
lem the auxiliary problem of finding the maximum of a second integral, 
obtained from the first by a simple transformation and of such nature 
that its maximum is identical with the minimum of the first integral. 
As, obviously, the negative of the maximum sought is a minimum, it 

* Ml indicates a first approximation to M , obtained here by usiog the first approximation 

for 

** Statement of an approximation implies determination of the preceding n — 1 
approximations. 
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can be obtained in a fashion akin to that of Ritz. The actual proce- 
dure can differ in that if only the approxitnaticn /„ to the extremum I 
is sought, and not, as well, the approximation 'Fn to ’F nvoJ::?:ne I, 
the approximating functions need not necessarily satisfy the boundary 
conditions as they must in the Ritz process. On the other hand , con- 
vergence to the minimal solution is somewhat slower. 

The explicit theory essential to application of Friedrichs’ method 
has been developed by Friedrichs himself and by Basu.“ • The latter 
treats in detail an important topic barely touched by Friedrichs: 
namely, determination of the [torsion] function <f>, the complex con- 
jugate of If is obtained by Ritz’s method, follows ixnmedi- 
ately from the relationship ^ = ’F -f (r® -f y^) /2. But tho u g h ^ is 
the complex conjugate of <f>n cannot be obtained from by the 
usual methods of function theory: for the terminated series expressing 
does not, in general, satisfy the differential equation of the problem 
= — 2, even though the conditions on are such that the func- 
tion represented by the limit of the series as to — » co does satisfy the 
equation term by term (an interpretation of this latter mathematical 
phenomenon has been advanced by Goldsbrough Whence it fol- 
lows that Tf'n obtained from is not a harmonic function. Friedrichs 
merely indicates how determination of <f> conjugate to ^ can be ex- 
pressed as a variational problem. Basu develops in detail the required 
analysis to the end that 4> is obtained through determination by Ritz’s 
method of the ftmction J maximizing a certain double integral expres- 
sion. In addition, the approximation to this integral expression fur- 
nishes the desired lower bound on I, or Jn < I < J». Further, by 
virtue of the identity I = —TMf2, bounds are provided on M: that 
is. In < tM/2 < Jn~ 

Applications to the Torsion Problem. The details of the analysis 
contained in Basu’s memoirs are exemplified by application to the tor- 
sion problem of the square. In the first memoir “ is effected by 
Ritz’s method; Mz by both Ritz’s and Friedrichs’ methods. In the 
second memoir “ ^2 is obtained by Ritz’s method; and from ^2 another 
value of M^. Close agreement of this last value of M 2 with the known 
value is taken as evidence that the corre^onding expression for ^2 is 
Mimdc'nilv ntcnrai(* for most purposes; that is, to give the longitudinal 
displacements of points of the initially plane cross section. 

Recently, Diaz and Weinstein “ have derived the methods of Ray- 
leigh-Ritz and Trefftz by a simple and direct application of Schwarz’s 
inequality and Green’s formula. In a companion paper these latter 
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are c-niplcyed to obtain uppei" and lower bounds for M of a single or 
ir-u!tioly-;oiiiiec '.td cross section in terms of a stream function K{x,y) 
and a harmonic function fijx.y), each of which satisfies certain bound- 
ary conditions. The essential advantage of this formulation lies in 
that the function K satisfies simpler boundary conditions than does 
the corresponding functions to be employed if the Ritz-Hayleigh 
method were to be utilized. 

In illustration of their analysis, upper and lower bounds on ikfi are 
determined for a hollow square. These same values, and yet others, 
were earlier obtained by M eber to illustrate his application of a vari- 
ational method of elasticity for obtaining upper and lower bounds for 
the M of a doubly-connected cross section. In addition, Weber ob- 
tained Mi by Ritz’s method. Courant,^^ also, has obtained values of 
Ml and ikf 2 for the same cross section by using Ritz's method to solve 
approximately a variational formulation of the torsion problem some- 
what different from the two stated above. 

Lack of Enowledge of the Degree of Approximation. At this point 
we must mention a certain defect in the methods discussed above. 
Application of them enables estimation of the error in an approxima- 
tion to the TniniTnuTn I of the integral expression I('^) because these 
methods furnish upper and lower bounds on 7. Often, however, what 
is desired, yet usually cannot be obtained (inasmuch as the mathe- 
matical technique is lacking) is knowledge of the error in the approxi- 
mations afforded by to or to its derivatives. In the torsion 
problem, for instance, the longitudinal displacement and the stress 
distribution, respectively furnished by <j> and by the derivatives of '4^, 
are of greater immediate value in practical design than is either or 
M afforded by I. But though, as just remarked, a general technique 
is not available for calculating the error in T'n, it happens that a 
specialized technique applicable to the torsion problem is known. 

Means of Determining the Degree of Approximation. In a paper 
devoted to exposition of his “thickness parameter” method, the Eng- 
lish aeronautical engineer, W. J. Duncan outlines a method * of cal- 
culating the maxirrmm deviation between the values of a function ’J", 
defined by the conditions that it satisfy = — 2 over S and vanish 
on s, and those of an approximation Thus, if e' and e" are the 
majdmnm and minimum values within S of a, function e defined by 
WJ'b + 2 - e, then (1 — e"/2) < ^ (1 — « 72 ); and conjunc- 

* Obviously, this method is directly extensible to the more general equation, » an 
arbitrary constant* 
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tion of this knowledge with the maximum values oi t on the boundary 
enables determination of the maximum deviation of from at any 
point within or on the boundary of S. 

Brachkovsky has advanced a simple method, based on the use of 
Green’s function, which enables evaluation of the mfl-inmnm value of 
a function which satisfies Poisson’s equation over a region and vanishes 
on the boundary of the region. Thus, his method can be applied to 
investigate the accuracy of an approximate value for ’F. 

These procedures, however, do not furnish — at least directly — 
information on the derivatives of nor of 4>, the conjugate of 
^ + y^)/2. Lacking means to obtain such information, it 

is tempting to conjecture that if 7 is bounded closely by J„ and 7„, the 
corresponding expressions for ’Fn, and the derivatives of the latter 
should yield values in good agreement with the exact values. Though 
such inference is as yet unsubstantiated by rigorous analysis, empirical 
support might derive from comparison of values so obtained with exact 
values calculated from known rigorous solutions (see reference 133 for 
discussion of more than 100 such solutions). 

In a recent paper of which several pages are devoted to a qualitative 
discussion of the fundamental concepts of the Ritz process and of its 
merits and defects as regards actual use — which discussion comple- 
ments the foregoing remarks — Courant discusses these shortcomings 
and .'Uggosis a possible partial remedy through use of “sensitized” 
integral expressions. 

Some Solutions by Ritz’s Method. Finally, we note several applica- 
tions of the Ritz analysis to the torsion problem for certain definite 
shapes. Dassen ® has obtained 'Fe for both the square and the rec- 
tangle and has calculated therefrom expressions for the stresses. 
Numerical values of maximum surface shearing stress are found to be 
in good agreement with those calculated from the rigorous solution. 

the normal cross section of a propeller blade by the 
area bounded by arcs of two nonorthogonal parabolas, Leibenzon “ 
obtains ’Fi and a first approximation Tmi to the maximum shearing 
stress For an area bounded by one of the parabolas and by a line 
segment normal to its axis he obtains 'Fj and TU; and for a streamline 
section akm to an airfoil, ’F 2 , M 2 , and Tm,. However, T^n is obtained 
from ’F„ by differentiation, in which connection see the third preceed- 
ing paragraph. 

Duncan, Ellis, and Scruton “ utilize Ritz’s method to investigate 
the torsion problem for the general isosceles triangle, the exact analytic 
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solution of which is as yet unknown, though certain special cases have 
been solved. and Mi are obtained. It is found of the former that 
it is exact for the special case of the equilateral triangle and is a good 
approximation for isosceles triangles with small included angles, except, 
possibly, near the base of the triangle; and of the latter that it is 
“almost certainly ampty accurate for practical purposes.” 

Topaljanski ® has obtained Mi and for a trapezoid of special 
shape; this fields, as particular cases, the Mi of a square and of a 
rectangle with ratio of sides 2/1. 

Galerkin’s Method. In 1915 Galerkin^^-^® advanced a variational 
process which has found considerable use in several fields of applied 
mechanics, especially in aircraft stress analysis. Galerkin’s method 
has much in common with Ritz’s process. Thus, if the differential 
equation characterizing a given problem is the Euler equation of a 
variational problem, the approximate solutions by Galerkin’s and 
Ritz’s method proceed identically. However, in other problems the 
two solutions may proceed differently. Specifically, the connections 
between the two methods have been investigated especially by Rom- 
berg, Pearlman,” and — at length — Biezeno.^® Elsewhere, discuss- 
ing the relative merits of Ritz’s, of Galerkin’s, and of a third method 
advanced by Koch ^ and himself, Biezeno indicates a process that 
encompasses the just-named as special cases. More inclusively, 
Gross has shown that these procedures and others are derivable 
as special eases of a very general functional method. 

In Galerkin’s method an approximation to the ligorous solution 
of a one-dimensional problem is taken m the form 

(10-6) 

t=l 

wherein the Ci are arbitrary constants and the/t a selected set of linearly 
independent functions mdividually satisfying the boundary conditions. 
Substitution of this expression in the controlling differential equation 
(arranged with right-hand member zero) 3 delds “a remainder” or 
“error” c, a linear function of the n arbitrary constants. Then multi- 
plication of € by each of a set of n arbitrarily chosen, linearly inde- 
pendent functions termed multipliers; integration of each of the 
products thus formed over the region S of the problem; equation to 
zero of the resulting expressions; and solution of the resulting set of 
equations yield a preferred set of values for the arbitrary constants. 
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Physical Interpretation of the Terms. From the standpoint of 
mechanics e is interpretable as a generalized force, the arbitrary con- 
stants as a set of generalized coordinates, the appropriately chosen 
multipliers as Tirtual displacements corresponding to increments of 
each of these generalized coordinates, the integrated products as 
weighted means of e, and the vanishing of these weighted means as the 
vanishing of the \urtual work due to the corresponding displacements. 
In light of this mechanistic interpretation it follows that the degree of 
accuracy obtained can be increased indefinitely by increasing the 
number of fimctions employed and that, in general, exact solution of 
an m-dimensional problem requires an m-fold infinite set of functions 
^m)- However, if the fimctions and the multipliers are 
chosen appropriately, it can be anticipated that a good r!ppr.';xiir;;;;:;)n 
stems from use of only a few functions. 

Galerkin’s Method Applied to the Torsion. Problem. Now in terms 
of the familiar membrane analogy to the torsion problem, is propor- 
tional to the vertical displacement of the membrane and e is propor- 
tional to the applied pressure not balanced by the tensions in the 
membrane. Accordingly, we represent the stress function by 

(10-7) 

i-1 

These functions fi are appropriately chosen and satisfy the boundary 
condition ’5^ = 0 on s. We then substitute ’F in + 2 = 0 and 
obtain the “error,” 

e ='^biCi (10-8) 

wherein the hi are known constants. Finally, we choose as multipliers 
the fi] integrate each of the products €fi(x,y) over S] equate to zero 
each of the resulting expressions — hence, imposing the condition that 
the work done by the unbalanced load in a virtual displacement of the 
membrane proportional to fi(x,y) be zero; and finally solve the result- 
ing set of algebraic equations for the values c,-. 

The most inclusive treatment * in English of Galerkin’s method is 
encompassed in the writings of Duncan.**"®* For illustration. Dim- 
can ®®~®® applies this theory to a variety of problems, among them the 
torsion problem. Thus, for an airfoil bounded by the loop of a bisym- 

* See also a very brief discussion in E. Keller, Ma^heTmtics of Modem Engineering (Wiley, 

1942), Vd. 2, pp. 288-292. 
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metrical cubic oval, ’1^2 and J/2 are effected and compared with cor- 
responding values obtained earlier by Duncan by his ‘thickness 
parameter ” method. A:ial3.'sis of a ci-'jmiiietrical parabolic lenticular 
cross section is carried out by both methods : and M are calculated, 
respectively, to the Ath and powers of the thickness parameter; the 
latter is found to be in close agreement with obtained by Galerkin’s 
method, is determined for a rectangle; values of Mz for squares 
are in good agreement tvith values obtained from Saint-Yenant’s exact 
solution. Finally, ■$'1 and Mi are obtained for an arbitrary area pos- 
sessing at least one axis of sjunmetry; corroboratively. Mi 3delds the 
known exact expression for the ellipse. 

Kantorovich’s and Poritsky’s Meihod. A variational method pro- 
posed by Kantorovich,^®- and later by Poritsky,^^ is commensurate 
in strength and range of application with Ritz’s and Galerkin’s 
methods but appears to be little known to E:i5lish-.=po<i]vir.g writers. 
As exemplified by the torsion problem, is taken to be of the form 

(10-9) 

<-i 

wherein the Yi are in general assumed functions of both x and y and 
are such that ^ satisfies the boundary condition 'i' = 0 on s, whereas 
the Xi are unknown functions of x alone. • Then substitution of in 
7 (^) and imposition of the variational condition that = Y-Xi 
vanishes for all Xt, yields a set of n differential equations, each con- 
taining but one Xi. Whence the set of X» is determined by finding a 
set of solutions that satisfy boundary conditions determined in part 
by the assumed form of the F» and in part by the original boundary 
condition. 

In this fashion Poritsky obtains ^i, and from it Mi and !F„., for a 
certain rectangle. These values are in excellent agreement with cor- 
responding values calculated from Saint-Venant’s exact solution. In 
similar fashion is obtained for the ellipse and for the rhomboid. 

Further Examples. In Kantorovich’s first paper of a rectangle 
is obtained. In a succeeding paper Kantorovich shows that for cer- 
tain types of partial differential equations the system of equations to 
be solved occur in the form that arises in applying Galerkin’s method, 
whence the general variational procedure can be dispensed with. A 
technique is then advanced for solving Poisson’s equation and the 
biharmonie equation for domains comprised of several conjoined rec- 
tangles. Illustratively, Mi of a symmetrical angle [iron] is obtained. 
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Tchepova has utilized Kantoro%'ich's method to obtain ’Fi of a 
sjTnmetrical trapezoid, an angle and an angle ■with two legs comprised 
of equal parallelograms, also ilfi for this third figure. Arutinyan,® 
using a special system of cur%-ilinear coordinates, has obtained ikfi 
and the stress components for certain thin-walled round-cornered 
structural shapes of technical importance, i.e., an angle with unequal 
flanges and a rectangular U. Calculated values are found to be in 
excellent agreement with available experimental (and other known) 
values. 

In solution of the torsion problem, or yet other two-dimensional 
problems pertinent to a pven area, certain modifications of the above 
procedure may prove advantageous: say, interchange of the roles of Z,- 
and Yi] ox choice of F,- as a fimction of y alone; or utilization of some 
other permissible variant. 

Hovgaard’s Method. Yet another variational method is described 
by Hovgaard."*^- By conjunction of Castigliano’s principle and the 
use of Lagrange’s multipliers general variational equations are derived 
for a prism constrained to simultaneous flexure and torsion. Illus- 
tratively, Hovgaard obtains expressions for ’4^, M, and the stress com- 
ponents of an ellipse, quasi-eUipse, equilateral triangle, and rectangle. 

Synge’s Method. In a recent paper Prager and Synge advance 
a theory of obtaining approximations in elasticity based on the concept 
of function space. Illustrative of theory, upper and lower bounds 
obtained for M and Tm of a square axe fomd to be in excellent agree- 
ment with the known exact values. Though not a variational method 
per se, Weinstein * has shown its intimate connection with the varia- 
tional methods of Eitz and Trefftz. 

A Least Squares Method. Let be expressed as a linear combina- 
tion of a particular solution of = — 2 along with 2n appropriately 


chosen harmonic functions. 


Form the integral 



expressing 


difference between the squares of the values of 'Fn and ’F(=0) on the 
boundary. Minunization of this integral though variation of the 
{2n + 1) arbitrary constants of the linear combination yields a set of 
(2n + 1) algebraic equations which can be solved for the constants. 
Then as ’F, satisfies the differential equation and as is adjusted to 
best satisfy the boimdary condition, it is to be expected that 
for values of n sufl&ciently large. 


♦ See reference 46, pp. 267-269 and reference 14, p. 136. 
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In this fashion YHegantl obtains 'Fe and therefrom M%, Tm and 
the components of stress for a semicircle, and finds values calculated 
therefrom to be in excellent agreement with ijcrrc.'-pcr.iiiiig values cal- 
culated from the known rigorous solution (also obtained as just out- 
lined by letting n -*x}. With the procedure thus verified, similar 
expressions are obtained for an arbitrary segment of a circle. From 
these expressions curves of M and Tm are plotted for a range of geom- 
etry. Values from these curves are found to be in agreement with 
corresponding values obtained by experiment.^ 

Integral Equations Joined with Least Squares. Hildenbrand has 
extended Grout’s method of solution of integral equations by poly- 
nomial approximations to enable one to obtain the solu- 

tion of certain integral equations wherein the unkn own function, as 
well as the kernel or Green’s function, can have infinite singularities 
of known order. Approximating the kernel by a linear combination 
of functions invoKong a certain number of arbitrary constants and 
substituting ’in the integral equation yields an approximation to the 
known value, rvlinimiziug the square of the difference between the 
known value and the approximate value through variation of the arbi- 
trary constants yields a set of linear equations for the constants, and 
hence an approximation to the kernel. This procedure, suitably modi- 
fied for numerical computation, is illustrated by calculation of excellent 
approximations to the value of ’4' at the center of, and Tm in, an equi- 
lateral triangle. 

In yet other fashion Panov ® has applied Tschaplygin’s varia- 
tional method, for the solution of integral equations, to the torsion 
problem. 

Addenda. Though none of the following papers are concerned with 
the torsion problem, they are of interest for the reasons noted: by 
Kryloff and by Kantorovich oh Ritz’s method — the former con- 
tains many references to writings, mostly by Russian authors, not men- 
tioned in the bibliography of reference 17 j by Keldych,®^ Williams,®® 
Bickley ®® and Frazer, Jones and Skan ®^ on Galerkin’s method — 
incidentally, also on the methods of least squares and collocation; by 
Courant (see also part 4 of reference 17) on the method of gradients 
— a variational method proclaimed of considerable power, though as 
yet it has not been employed for numerical solutions; by Hencky ®® 
and by Goldsbrough “ on aspects of a certain series method linked 
with Ritz’s method; by Bateman on the connections amnug various 
methods. 
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A number of the variational methods mentioned to this point are 
treated at length in the books by Kantoro\ich and Krjdoff and by 
Leibenson.®- The latter work contains illustrative material on the 
torsion problem drawn from his earlier writings.-* 


Finite Difference AIbthods 

Survey. The theory of fimte differences affords the most powerful 
method of finding approximate solutions to boundary value problems 
which are mathematically intractable to attack by exact analytic 
methods. In one fashion the general scheme of solution involves : 

(а) Ilc])lacf rrK'':{ of the partial differential equations and boundary 
equations by analogous difference equations 

(б) Effect ance of a sequence of approximate numerical solutions of 
the difference problem 

(c) Application of a proper test to determine the of this 

sequence to the exact solution 

(d) Determination of limits on the error in the firial approximation 

In yet another fashion (which has been little used) the given problem 
is formulated as a variational problem requiring minimization of an 
integral e:^ression subject to pertinent boimdary conditions, these are 
paralleled by their finite difference analogs, and approximate solution 
is obtained in an appropriate fashion.* 

Though solution of boundary value problems by application of finite 
difference methods is an idea far from new, much of the pertinent 
theory is but little known among applied physicists and engineers (as 
is manifest, for example, by the continued and frequent advance, as 
new, of analysis which has long existed in the literature). In part, at 
least, this state of affairs is attributable to the lack of reference texts 
in English. Thus, though (for example) L. M. Milne-Thomson, The 
Ccdadus of Finite Differences (University Press, Cambridge, 1933) 
affords an excellent, modem account of the formal mathematical 
theory of finite differences, an equally authoritative and inclusive text 
on the solution of boundary value problems by finite difference proce- 
dures is yet to be written. 

Perforce, then, one who desires a comprehensive knowledge of the 
theory and techniques of the finite difference solution of boundary value 
problems must turn to the periodical literature. Hereof, a logical 


♦ An excellent illustration of this second kind of analysis is to be found in reference 67. 
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course of study of a given finite difference procedure might well en- 
compass preliminary orientation through reading several articles of a 
more or less expositorj' nature and subsequent study in chronological 
order of a sequence of papers wherein development of theory is illus- 
trated by application to one of the classical problems of applied mathe- 
matics; for example, the vibrating membrane * or the torsion of a 
prism. 

Finite Differences Applied to the Torsion Problem. The torsion 
problem for a uniform prism can be considered as the search for the 
stress function 'ir that satisfies = —2 over the area S, and 
^ = 0 on the boundary s. Let S be covered by a net with a regular 
(or irregular) mesh. Each node point of the net within S is termed a 
body point of Sj each node point that falls on s a boundary point. 
Then an approximate solution of the torsion problem by finite differ- 
ences can be considered as the search for a set of discrete numerical 
values that satisfy the analogous difference equation at each 

body point (x',y') and have the value 0 at each node point on the 
boundary. With '^{x',y') obtained, the values for M, Tm and other 
torsion quantities are derived by numerical integration, numerical dif- 
ferentiation or other appropriate numerical process. 

CoTwergence. The goodness of the solution obidously depends on 
how well the values thus obtained agree with the exact values. Com- 
monly, it is assumed that if a sufficiently fine mesh is utilized, the 
approximate values will be in excellent agreement with the exact values 
and will converge to the exact values as the fineness of the mesh 
approaches zero. However, determination of whether or not a sequmce 
of sets of approximate valves, effected for a certain boundary valve problem 
in a certain fashion, will comerge to the exact valves as the fineness of the 
mesh approaches zero is often a difficult matter to estcMish. In general, 
the custom has been to try the procedure on a problem of which the 
exact solution is known, and if the values obtained are in good agree- 
ment with the known values, to assume that the same procedure 
will work for other problems. However, proofs of convergence have 
been established for certain procedures applied to certain boimdary 
value problems, including most of those applicable to the torsion 
problem. 

In general the form of the body and boundary difference equations 
to be satisfied at a given point depend on the origiaal differential equa- 

* For an inclusive bibliography on the eigenvalue problems of the vibrating membrane — 
and of the wave guide of uniform cross section — see reference 1. 
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tions, the shape of the boundarj", the shape (or shapes) of mesh 
employed, and the maximum order of differences retained in estab- 
lishing the difference equations. These variables ha\'ing been settled, 
the form of the body and boundary difference equations are fixed, and 
solution can be effected by one or more well-recognized procedures. 

Direct Solution of the Set of Body Equations. Within the writer’s 
knowledge the first solution of the torsion problem by finite differences 
was effected by Runge,®"* who determined and therefrom plotted the 
stress lines, in a cross-shaped area comprised of five squares. His 
analysis well illustrates the difficulties of direct solution of the finite 
difference problem. The nodal values of the function must satisfy the 
body equations at the node; these equations are linear algebraic equa- 
tions in the desired nodal values and there are as many equations * as 
unknown nodal values, whence the set of equations, solved algebrai- 
cally, yield a unique set of nodal values. But if the mesh is of sufficient 
fineness, the number of equations is large, and therefore this solution 
requires a prohibitive amount of work. By use of “joined rectangles” 
and symmetry, Bunge was able to reduce the more than 40 unknowns 
to 8 after which he solved for these directly. This use of “joined 
rectangles” has much in common with the use of “block iteration.” 
In fact, tables advanced by liebmann for use with the former process 
can be utilized for the latter process. 

Ridiardson’s Procedure. Richardson’s procedure is exemplified 
at length in his paper ®® on the analysis of stresses in a dam. His 
method of “normal functions” is, however, not as simple to use or as 
easy to grasp as some of the subsequently advanced techniques. In 
consequence, it has been little used by others. Recently, however, in 
affecting the finite difference solutions of certain shapes of stepped 
shafts, Newing ®'' has emphasized its usefulness and extended the gen- 
eral theory. 

Iteration. In 1918, in a paper frequently cited in the literature 
Liebmann,®® after commenting on Range’s and Richardson’s work, 
advanced the procedure of iteration as a more feasible means of effect- 
ing the numerical solution of difference problems. This procedure 
(often termed the Liebmann procedure, thou^ he himself attributes 
the baac technique to Jacobi) is now the most commonly used finite 
difference procedure; except possibly in England, where Southwell’s 
relaxation procedure is paramount. 

* Since each equation involves the value of the function at a group of related poiuie, 
such equations are obviously simultaneous. 
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After sketching the basic analj'sis Liebmann advances a number of 
special techniques to be used therewith: assi gnm ent of an initial set of 
node values by Unear interpolation of the given boundary values, the 
use of improved values as the net is traversed, improvement by blocks, 
conformal mapping, and yet others ser\’e to speed and Ughten the 
course of computation. Subsequently, these suggestions were re- 
worked, improved, extended (and not unoften advanced as new) by 
many writers in various countries, to the end that comparison of their 
papers reveals such overlapping and dupUcation that it is a matter of 
some difficulty to assign specific improvements in techmque to an indi- 
vidual writer. 

Frocht has written an excellent account of the bases of certain of 
the techniques useful in iteration. Comprehensive treatments, par- 
ticularly of the work of Russian and German writers, are to be found 
in the books by INIikeladze ™ and CoUatz.^ The expository papers 
of Emmons and Poritsky ^ are of introductory value. 

Laplace’s and Poisson’s Equations. Gersehgorin ’’*■ has written a 
series of papers, for the most part in Russian, w'herein linear differ- 
ence equations are applied to obtain the solution of problems involving 
Laplace’s and Poisson’s equations. Fortunately, one of the major 
papers is in German. Therein are discussed methods for calculating 
the error pertinent to the approximate solutions by iteration of a linear 
partial differential equation of elliptical type such as the Laplace and 
Poisson equations. The theory developed in this paper is exemplified 
by approximation of for a specifically dimensioned rectangle, deter- 
mination of the error at a selected pomt of this rectangle, and check 
of this latter through comparison with corresponding values determined 
from the known solution. The analysis of these papers is supple- 
mented and complemented by the subsequent work of Mikeladze 
and CoUatz.”’ In an important memoir where detailed explana- 
tion is made of the use of differences of higher order (than the first) to 
speed up the rate of convergence of the iteration, for a square is 
obtained Gerschgorin’s formula for limit of error is applied, and the 
calculated value at the center is found to be in excellent agreement 
with the known value. 

The papers cited in the preceding paragraph comprise a mine of 
material of great use to the analyst: equations for calculating the error 
of the approximation, use of differently shaped and of mixed meshes, 
the use of higher differences, and yet other topics on which little has 
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Wolf,®^ Pfeiffer,®® Ko\Tier,®^ and Conrant ®®* for points of general in- 
terest from the applied point of view. 

Solutions of the Torsion Problem. Shortley and Weller ®® have ad- 
vanced a scheme of iteration of the differences between the original 
set of values and the first set of improved values. This has certain 
advantages of importance to the computer. A succeeding paper ®' 
gives a solution of M and T for two squares with rounded comers (the 
sides are equal, the radii different). Moskovitz ®® and Frocht ®® have 
advanced tables by use of which numerical work is considerably re- 
duced; Frocht and Leven a method for selecting a reasonable set 
of initial values for the unknown. 

By iteration Orr developed approximations to M and Tm for a 
serrated annulus and for a hollow square; in addition, r.ppro\";:r.a*!or.s 
to M for a number of standard stmctural sections are determined and 
compared with experimental values. Later Schwalbe,®® after finding 
M and Tm for a rectangle in good agreement with corresponding values 
obtained from the exact solution, determined M of a sharp-cornered 
channel of uniform thickness and of an I-beam with sloping sides. 
Such values are compared with corresponding values obtained both 
from experiment and from various analytic solutions. Other work on 
stmctural sections comprises that of Taylor on the surface stresses 
in a T-beam and of Sunatani and Negoro ®® on the determination of 
^ in an angle with equal flanges. 

Multiply-connected Cross Sections. Nemenyi®® appears to have 
been among the first to discuss the solution of a multiply-connected 
area by means of finite differences; but he did not illustrate his dis- 
cussion by solution of a definite problem. Orr’s study ®® of the hollow 
square was followed by Xc goro’s ®'^-®® determination of the stress dis- 
tribution and of Tm in a square pierced by a centrally located circular 
hole. Values of the latter are in general agreement with correspond- 
ing values determined by experiment. Additionally, an estimation of 
accuracy is afforded by comparison of approximate values calculated 
for Tm in the flOTinliis with values calculated from the known solution; 
and by comparing values of T„ for the pierced squares with correspond- 
ing values obtained by experiment. More recently Courant ob- 

* In a recent paper (reference 17) wherein the fundamental concepts of certain finite 
difference procedures are briefly but interestingly discussed, Courant mentions a number 
of papers on finite differences. Many of these papers, though, are on purely forin^ points 
of the theory and contain no illustrative examples; however, taken as a third unit in the 
above scheme of study, they can be read with profit by those desiring the required mathe- 
matical background. 
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tained 3/ for a hollow square and for a square pierced by four sym- 
metrically located smaller hoUow squares (the computation for this 
second case is not given in the reference); and Colin and Newmark,®® 
illustrating a method for uunimizir.g the numerical labor incident to 
the solution of multiply-connected areas, have obtained on the 
boundary of the off-centered square hole piercing a larger square. 

A Graphical Scheme. A graphical scheme of effecting iteration is 
described by Panov.^" As an illustration this method yields values 
of ^ for an equilateral triangle, rectangle, and other regular sections 
which agree (within the range of accuracy of the graphical process) 
with corresponding values calculated from the known solutions. 
Again, 3f of an airfoil is found to be in similar agreement with an 
earlier numerical determination by Leibenson. 

Relaxation. In the course of the past decade Southwell and a group 
of fellow workers have applied a finite difference procedure commonly 
termed relaxation (after a physical analogy used early in the develop- 
ment of the theorj') to effect the solution of divers types of j)uy.'if;;i 
problems. Originally devised by Southwell for the determination of 
stresses in redundant frameworks — in which connection it has much 
in common with the earlier Hardy Cross method of distributing 
moments — it was .'ijbxMjurrnily developed to the end that Temple, 
in an investigation of the general theory of the application of relaxa- 
tion methods to linear S 3 ^tems, remarks “almost all linear systems of 
equations, algebraic, integral, or differential, can be brought within the 
scope of relaxation methods, which seem to constitute one of the most 
powerful methods of computation in mathematical physics and 
oi’gincoring.” In America, Grinter’s work (see p. 48 for references) 
has extended moment distribution into a design procedure and has 
explained how the convergence of joint rotations may be substituted 
for moment convergence. 

Temple’s remarks apply equally to iteration. The two procedures 
have much in common, differing basically in the quantity selected for 
improvement. Accordingly, a technique developed for one procedure 
is usually applicable in the other; whence it follows that one should be 
equally familiar with the literature of both. 

Southwell has remarked concerning the philosophy undcflying Ms 
development of relaxation in several ini ores! ing lectures; the 
considerable work of his group of coworkers is epitomized by his two 
books (wMch afford fuU reference to the original papers). The 
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theorj- thi'o'dgh the use of physical analogs in the realm of structural 
analysis; rather than a direct presentation as a finite difference pro- 
cedure for sohing boundary value problems. A.-'.-:r;:;r.g!y, a det^ed 
study of Southwell’s books might well proceed by fihst reading 
Frocht’s brief, but very clear, account of the basic process, next 
Shaw’s monograph or Fox’s paper,^®®“ and 'then the first two 
chapters of Southwell’s second book.* 

Convergence of Relaxation Procedure. Investigations of necessary 
and suflScient conditions ensuring that the approximations stemming 
from relaxation methods converge to the exact solutions are to be 
found in papers by Black and Southwell and by Temple.^®® South- 
well’s books contain ample reference to the original sources of the 
technique displayed therein. These techniques are supplemented by 
those detailed in recent papers by Fox,^^“-^ Motz,^^ Bowie,^ and 
Shaw.^®« 

Solutions of the Torsion Problem by Relaxation. Christopherson 
and Southwell first illustrated application of relaxation to the tor- 
sion problem by determining and plotting the stress lines in an 
equilateral triangle pierced by three sjunmetrically located circular 
holes. Preliminary to the solution of this problem and indicative of 
the best procedures to be followed in solving it, of the equilateral 
triangle is approximated. An improved technique for dealing with 
multiply-connected sections has recently been advanced by Shaw 
and by Cohn and Newmark; ® the former illustrates this technique 
by deterinination of in a hollow square, the latter by finding on 
the inner boundary of the figure mentioned above. 

Apphcation of relaxation to structural sections is detailed by Chris- 
topherson and Shaw.“®-“^ Of an I-beam comprised of three rec- 
tangles the former plotted the stress lines and calculated M ; the latter 
did likewise for a standard rolled I-beam. Values of M were found 
to be in good agreement writh values determined by the soap-fihn 
experiments of Lyse and Johnston. In a preliminary check of his 
analysis, Shaw finds values for a rectangle and quadrant of a circle 
to be in excellent agreement with the known exact values. 

Finally, Shaw has calculated M and Tm for a hollow splined draft; 
Allen, Southwell and Vaisey have detemained the stress lines in a 
rectangular shaft grooved with two symmetrical keyways. 

* The reader interested in the solution of eigenvalue problems by relaxation will find an 
inclusive list of references in reference 1. Much of this work appeared while Southwell’s book 
was in press. Particular interest accrues to the papers of Motz. 
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Recently Tranter has shown how to join the single Fourier 
transform with relaxation to solve three dimensional boundary value 
problems with only little more difficulty or computation than is re- 
quired for two-dimensional problems. 

Variational Iteration. Courant has shown how to join finite differ- 
ence theory with the variational expression of a boundary value prob- 
lem to the end that a set of difference equations are obtained w’hich 
jield excellent numerical results with very little numerical calculation. 
This procedure is illustrated by determination of M for a hollow square 
and for a square symmetrically pierced by four smaller squares. 

^vIethods fob Peefobmixg Finite Diffeeencb Computation 

In recent years considerable attention has been devoted to develop- 
ing de\ices for performing the calculation essential to application of a 
finite-difference procedure. For the most part these comprise appli- 
cation of : punched-card machines; electric calculating boards ; mechan- 
ical arrangements of racks, gears, springs, etc.; and also g!‘iii)hici!l 
approaches. 

Punched-Card Machines. Akushsky“®>“®’“^ has outUned several 
approaches. Kormes and Kormes ^ illustrate their general tech- 
nique by solution of == 0 over a region with assigned boimdary values. 
The value of punched-card computation is strikingly demonstrated by 
Bergmann’s inclusive solution of the torsion problem for a symmet- 
rical eight-sided figure (roughly, a square with grooved, rounded 
comers) wherein punched-card machines are used to carry out the 
great amoimt of numerical calculation incident to approximate evalu- 
ation of the integrals involved in use of his "method of orthogonal 
functions.” 

Electric Networks. Nearly twenty years ago Gerschgorin sug- 
gested performing iteration of Laplace's equation by use of a d-e cal- 
culating board comprised of a network of resistors. More recently, 
Gutenmacher suggested solution of second order partial differ- 
ential equations in general by use of an a-c network of resistors, in- 
ductors, and capacitors. Kron and a group of fellow workers have 
used this scheme to obtain by equivalent circuits the solution of a 
variety of physical problems. As iteration, relaxation, and other 
procedures can be performed on an ar-c calculating board, and as a 
problem can be solved electrically with considerable precision in but 
a fraction of the time required for direct numerical computation, an 
a-c calculating board is particularly useful for rapidly producing ap- 
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proximate solutions for use in the prelininar}- analysis of a complex 
analytical problem. An electric calculatiiig board is commonly con- 
sidered an analog computer. Electronic computers that compute 
in the sense of a calculating machine are also available in limited 
numbers. 

Me chan i c al Methods. Bruk described a rack and gear machine 
for solving Poisson’s or Laplace’s equation. Bernstein’s description 
of a generalized Galton apparatus for soKing the same equations is 
illustrated by determination of '5^ and M for a T-section. 

Graphical Methods. Runge“^ outlines a method of solving a Di- 
richlet problem by graphic integration of an integral, the integrand of 
■which is a function of the Green’s function for the problem. iEOs 
student, Rottsieper,!*® has applied this to determine M and T of 
the cross-shaped area comprised of five equal squares. Hjs values 
proved to be in excellent agreement -with Runge’s earlier finite dif- 
ference solution. Independent checks can be afforded by obtaining 
the Green’s function by finite differences or by a method involving 
Seh-warz’s alternating process. Panov’s method of graphical analy- 
sis of difference equations is cited above. 

Otheb Appboximate Methods 

In addition to variational and finite difference procedures there exist 
a number of other means of Iiiir.g approximate solutions of physi- 
cal problems. Those ■which have been applied to the torsion problem 
are discussed at length else^where.^®*- isi, iss -pQ 130 added to the papers 
mentioned in reference 133 are : Lechner and Puente’s discussion 
of the use of "c^urvilinear chequers,” the latter illustrating his analysis 
by sol^ving the torsion problem of the equilateral triangle; Cicala’s 
method for thin singly-coimected regions (akin to that of Duncan’s 
“thickness parameter” method) illustrated by finding M and Tm for 
a semicircle and for an area similar to that of a turbine blade; and 
Parkhomovsky’s method of perturbation of the boundary ■whereby 
for an area differing not greatly in contour from that for which the 
solution of the torsion problem is kno^wn, the torsion problem can be 
solved from aTiom ledge of this known solution. This last interesting 
method is demonstrated by determining expressions for M and ? 
of areas stemming from the circle, an ellipse (yielding an airfoil), and 
the annulus. Reference 135 contains account of the solution of the 
torsion problem for nonuniform, axially sjunmetric prisms by fimte 
difference procedures. 
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